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Haploinsufficiency of the TGF-β type I and type III receptors, Activin receptor-like 

kinase-1 (ALK1) and Endoglin (ENG), cause the autosomal dominantly-inherited 

vascular disorder Hereditary Hemorrhagic Telangiectasia (HHT), which is characterized 

by vascular lesions, such as telangiectases and visceral arteriovenous malformations 

(AVMs). Current treatment for HHT treat the symptoms, thus understanding the 

pathological mechanism is essential for creating more effective or preventative 

treatment. The central dogma of the HHT field is that ALK1 and ENG work in concert to 

propagate TGF-β signals in a linear SMAD-dependent manner during angiogenesis and 

to maintain vascular integrity. Thus, AVMs form when either is disrupted; however, this 

relationship has not been clearly defined in vivo. Thus, two Eng conditional knockout 

(cKO) mouse models were generated and characterized using the same two cre-deleter 

lines (endothelial-specific L1cre and tamoxifen-inducible R26-CreER, iKO) previously 

used against Alk1, in which mice consistently developed AVMs. Although, many of the 

same organs developed AVMs or displayed AV-shunting in Eng iKO and Alk1 iKO 

models, phenotypes in Eng iKO mice varied widely in terms of development, severity 
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and location. The results indicate that there may be differing pathogenetic mechanisms 

underlying the two major types of HHT.  

Additionally, there is still debate over what roles, if any, the TGF-β type II and 

TGF-β type I receptors (TGFBR2 and ALK5) play in endothelial cells (ECs). 

Contradictions in previous in vivo and in vitro data indicate that TGF-β superfamily 

members have spatial and temporal roles in ECs. Thus, Alk5 and Tgfbr2 were deleted 

specifically in ECs using a novel ALK1 cre-knockin deleter line (Alk1GFPcre) at E9.5. 

Alk1GFPcre;Alk5fl/fl and Alk1GFPcre;Tgfbr2fl/fl mice were embryonic lethal by E13.5 and 

E14.5, respectively. Mice displayed specific cerebral hemorrhages at E11.5 as 

previously seen in knockout models of αv integrin, αvβ8 and Tgfb1/3. Thus, it was 

suggested paracrine neuroepithelium-specific integrin-mediated activation of TGF-β 

signaling within ECs is essential for the midgestational establishment of the 

cerebrovasculature.Taken together, the data presented provide resourceful insight in 

the formation of vascular lesions in vivo. Our mouse models produced more consistent 

phenotypes than currently available mouse models and will be vital to future studies in 

HHT.  
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CHAPTER 1 
BACKGROUND 

The Vasculature and Endothelium 

The Vasculature 

There are three main types of blood vessels (the arteries, capillaries, and veins) 

that have distinct features, from their structure to specific factors expressed within each. 

Arteries and veins have three cellular layers: the innermost layer (intima) consists of a 

single layer of endothelial cells (ECs); the media consists of smooth muscle; and the 

tunica adventia is the outermost layer consisting primarily of fibroblasts. Arterial 

vascular walls are thicker and their tunica media have multiple layers of smooth muscle 

cells (SMCs), elastin, and extracellular matrix (ECM). This contributes to the high 

elasticity necessary for these vessels to withstand the high shear stress, pressure and 

pulsatile flow as a result of blood circulation. Veins have thinner smooth muscle layers 

and are not as flexible; consequently, veins have a low tolerance to high pressure and 

high blood flow [1]. Additionally, many veins have valves that prevent black flow of 

blood. Arteries and veins are connected via capillaries, with smaller arterioles and 

venules. Capillaries consist of a single layer of ECs occasionally surrounded by 

pericytes and ECM. This feature is essential for the exchange of oxygen, waste and 

nutrients between blood and tissues. Capillaries account for the majority of the 

circulation’s surface area and possess the most phenotypic differences between 

vascular beds and highest adaptability to the local tissue [2, 3].  

Formation and maintenance of the vasculature The vascular system is one of 

the first organs to form during embryogenesis. The vasculature is established and 

maintained mainly via two mechanisms: vasculogenesis and angiogenesis [4]. 
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Vasculogenesis, the de novo establishment of the primary capillary plexus, is the initial 

process [5]. The process is initiated as Sonic and Indian hedgehog (SHH/IHH) proteins 

signal for endothelial progenitor cells (EPCs) within a population of mesodermal cells to 

differentiate into hemangioblasts, the common progenitor of endothelial cells and 

hempatopoietic stem cells (HSCs) [1, 6]. The hemangioblast becomes the angioblast, 

which pools into blood islands that fuse into the primary capillary plexus [7, 8]. 

Vasculogenesis is followed by angiogenesis, which is defined as the sprouting of new 

vessels from pre-existing ones, leading to branching and remodeling of vessels to form 

the basic vascular architecture of arteries, capillaries and veins [9]. It is not until the 

heart has developed and blood flow commences that a functional circulatory system is 

established. 

Vasculogenesis mainly takes place during embryogenesis, however, studies with 

EPCs suggests that it may occur to a certain degree in adults [5, 10]. Angiogenesis 

continues after birth and over the lifetime of an organism to maintain the endothelium. It 

is tightly regulated during physiological conditions (wound healing, ovulation, and 

pregnancy) and aberrant angiogenesis is responsible for several pathological conditions 

(certain genetic vascular diseases, rheumatic arthritis, cancer, retinopathies) [9, 11, 12]. 

There are two phases of angiogenesis: the activation phase and resolution phase. The 

activation phase consists of the proliferation and migration of ECs. During this stage a 

group of ECs within the capillary bed, termed tip cells, begin to sprout. The tips cells 

then elongate and grow directionally by extending filipodia that sense attractive and 

repulsive cues within the microenvironment [13]. Lying behind the tip cells are 

proliferating and differentiating stalk cells. In the resolution phase, there is an arrest of 
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EC proliferation and migration, deposition of the extracellular matrix, recruitment of the 

smooth muscle cells, and the eventual stabilization of the nascent vessel. When the tip 

cells contact another tip cell or vessel, they fuse with and form a bridge at the cell-to-cell 

contact point. The vascular lumen is established by vacuole fusion in stalk cells or 

during tip cell fusion. The establishment of the lumen allows blood flow to begin, and 

consequently, leads to reduced pro-angiogenic factors and stabilization of the vessel, 

e.g. by recruitment of mural cells (pericytes and SMCs) [14]. 

More recently, it has been discovered that vascular growth can occur through other 

modes. Arteriogenesis is now recognized as a third phenomenon by which vessels can 

form that takes place in adult stages [15]. Mechanistically, it appears similar to 

angiogenesis in that it involves neovascularization from pre-existing vessels; however, it 

is more specifically the formation of a vessel from an arteriole to restore blood flow in 

response to an arterial occlusion.  Another major distinction between the two is that 

angiogenesis is initiated by physiological circumstances, such as wound healing and 

hypoxia, while arteriogenesis results from a persistent state of inflammation and 

monocyte invasion. To a lesser degree in adult stages, bone marrow derived EPCs 

have been shown to either incorporate directly into the EC layer (thereby enlarging the 

vessel) or be recruited to active tip cells and participate in the angiogenic process [16].   

Vascular anomalities Vascular anomalies in humans, which often appear 

congenitally, are localized pathological conditions that result from aberrant 

vasculogenesis or angiogenesis and phenotypically appear as focal increases of 

tortuous and enlarged vessels [17, 18]. Vascular anomalities often spontaneously 

appear, but several rare genetic diseases are associated with certain types [19]. These 
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are separated into two broad categories: vascular tumors and vascular malformations. 

The vascular tumors consist primarily of hemangiomas, which is an overgrowth of ECs 

typically seen as red lesions in small children. It is believed these arise as a result of 

hyperproliferation of progenitor cells, but the trigger for proliferation is unknown. 

Vascular malformations (VM) are further classified into the vessel type affected (e.g. 

venous, capillary, arteriovenous, and lymphatic), each possessing a particular 

characteristic and, in some cases, associated with a specific genetic mutation. As such, 

some insight in the mechanisms underlying pathological/physiological angiogenesis can 

be derived from the genetic diseases [20]. Some examples are familial venous 

malformations (mutations in TIE2), familial juvenile hemangioma (VEGFR2), and 

Hypotrichosis-lymphedema-telangiectasia/LM (SOX18). Interestingly, the inherited 

vascular malformations are typically autosomal dominantly-inherited, multifocal, 

systemic, begin small in size but enlarge over time, and manifestation severity vary 

among patients, even within the same family [17, 18]. The majority of the vascular 

malformations affects the EC layer of vessels (opposed to SMCs), and are associated 

with mutations in endothelial-specific factors. 

The Endothelium 

The endothelium is the innermost single layer of cells lining the circulatory and 

lymphatic systems [1, 21]. It is the intermediate barrier between blood and tissues and 

the location of many critical processes, such as the maintenance of blood homeostasis, 

vascular tone and delivery of necessary nutrients to the different organs [12]. The 

functionally adaptive endothelium is highly heterogenous and its vessel identity (e.g. 

artery vs. vein) is dependent upon expression of particular molecular surface markers. 

EC factors expressed by arteries include ephrinB2 (EPHB2), Jagged1, notch1, Delta-
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like 4 (DII4), ALK1, endothelial PAS domain protein I (EPAS1), Hairy/enhancer-of-split 

related with YRPW motif protein (HEY)-1, HEY-2, neurophilin 1 (NRPI), and decidual 

protein induced by progesterone (DEPP). In veins, EphB4, NRP2, Chicken Ovalbumin 

Upstream-Promoter-Transcription Factor (COUP-TF)-II, and class III β-tubulin are 

expressed, although the last one is expressed only in the tip of venous valves.  The 

lymphatics include vascular endothelial growth factor receptor (VEGFR)-3, lymphatic 

vessel endothelial hyaluronan receptor-1 (LYVE1), and Podoplanin [14, 22].   

The determination of arterial/venous identity is seemingly pre-programmed as 

several endothelial factors are expressed even during vasculogenesis. At the 

hemangioblast stage, ECs expressing bone morphogenetic protein (BMP)4, VEGF120, 

and VEGF164 are influenced into becoming arteries, while VEGF160-expressing ECs to 

veins or lymphatic system. ECs destined for arterial specification express DII4 and the 

Notch1 receptor at the angioblast stage then HEY1 and HEY2 at the final stage, after 

the capillary plexus is established. Likewise, venous/lymphatic identity is determined by 

the expression of COUP-TFII. Furthermore, the lymphatic ECs, derived from jugular 

vein ECs, express of VEGF-C, Sox18 and Prox1 [6, 23].  

The actions and function of the endothelium is the driving force of angiogenesis. 

There are two main states of ECs: active and quiescence [24]. The adult endothelium is 

largely quiescent, in which ECs appear to be anti-coagulant, anti-adhesive, and 

vasodilatory. When ECs are “active” they take on pro-coagulant/adhesive and 

vasoconstrictive roles [12]. Several signaling pathways are vital for maintaining this 

balance. EC dysfunction, the ECs inability to adapt to a pathophysiological stimulus, is 

the basis of many pathological diseases, either as the primary cause or secondary 
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response [12]. Among the most studied endothelial pathways are the vascular 

endothelial growth factor (VEGF) and angiopoietin/Tie signaling pathways [25-28]. 

Other pathways include the platelet-derived growth factor (PDGF), ephrin, and Notch 

pathways [22, 29, 30]. Not only are these involved in embryonic vascular development, 

they are also known to be involved in physiological and pathological angiogenesis after 

birth [12, 19]. Adding to the complexity of vascular signaling is the fact that expressions 

of certain molecules are restricted to certain tissues, cell types, or vessels and 

pathways may cross-talk. The Transforming Growth Factor (TGF-β) superfamily is of 

interest in this study. 

Transforming Growth Factor-β (TGF-β) Signaling Pathway 

The Transforming Growth Factor-beta (TGF-β) signaling pathway is involved in a 

wide range of physiological and pathological cellular processes, such as inflammation, 

proliferation, apoptosis, development, tumor progression, and cancer [31-34]. Cellular 

functions are dependent on the interaction between over 40 various highly conserved 

members of this superfamily, in mammals, including ligands, Type I and II Serine-

Threonine (Ser-Thr) kinase receptors, and intracellular signaling transport molecules, 

mainly SMADs [35].  

The classical mechanism of TGF-β signaling is deceptively simple. A ligand binds 

to dimeric Type II receptors, which in turn phosphorylate serine and threonine residues 

within corresponding dimeric Type I receptors. The activated Type I receptor then 

recruits intracellular receptor-activated (R-)SMADs to the membrane, where these form 

heteromeric complexes. The heteromeric SMAD complexes then interact with a 

common mediator SMAD4. The complex is now allowed to translocate to the nucleus 

where it can regulate gene transcription of various downstream targets [31-33, 36]. 
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[Summarized in Figure 1-1, though showing those superfamily members pertaining to 

vascular cells] 

TGF-β Ligands 

Over 30 multifunctional TGF-β ligands have been identified in mammals. The 

ligands are categorized into five subfamilies that can be structurally distinguished by the 

number conserved cysteines within the C-terminus of the mature polypeptide [31].  The 

subfamilies are the 1) TGF-β; 2) bone morphogenetic proteins (BMPs); 3) growth and 

the differentiation factors (GDFs); 4) nodal, inhibins, and activins; and 5) anti-Müllerian 

hormone (AMH). Furthermore, the each subfamily of ligands may have multiple 

isoforms. There are three TGF-β isoforms (TGF-β1, -2, and -3); about nine BMPs 

(BMP2-7, 8A, 8B, 9, 10); eleven GDFs (GDF1, 3, 5-9, 9b, 10, 11); three nodals (Nodal, 

LEFTY1, LEFTY2); five activins and inhibins (inhibin α, inhibin-βA, -βB, -βC, -βE); and 

one AMH ligand [37]. 

Receptors for TGF-β Ligands 

For the multitude of ligands, there have been only five TGF-β type II receptors and 

seven TGF-β type I receptors that have been identified, indicating redundancy and the 

promiscuity among the TGF-β superfamily members [38]. The type II receptors are: 1) 

TGF-β type II receptor (TGFBR2), 2) Activin type II receptor (ACVR2A), 3) BMP type II 

receptor (BMPR2), 4) Activin type II receptor (ACVR2B), and 5) AMH type II-receptor 

(AMHR2). The type I receptors are activin receptor-like kinases (ALK) 1 through 7) [31]. 

The type II and I receptors share high homology and have large intracellular domains, 

with the key feature of cytoplasmic kinase domains with strong Ser-Thr kinase activity. 

The TGF-β type II receptors are constitutively active and bind ligands with high affinity, 

but do not possess properties to further transduce signals [35].  
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Structurally, Type II and Type I receptors differ in that the Type I receptors lack a 

Ser-Thr-rich cytoplasmic tail. Additionally, TGF-β type I receptors include a 30-aa GS-

domain that contains the Ser-Thr residues targeted by the type II receptor and a non-

activating non-downregulating (NANDOR) box. An L45 loop sequence determines the 

types of downstream intracellular SMADs recruited to the Type I receptor [39].   

TGF-β signaling can be divided into two major signaling pathways, based on the 

ligand and the L45 loop sequence in the Type I receptor, thus the SMADs involved [24, 

40]. The TGF-β signaling cascade is activated by TGF-β1, -2, -3, nodal, inhibins-βA, -

βB, and GDF-1,-3, -8 and -9 ligands and their subsequent interaction with any Type II 

receptor, excluding AMHRII, and the Type I receptors, ALK4, -5, and -7. Signals are 

propagated intracellularly via SMAD2/3 (Figure 1-1A). The BMP signaling pathway 

involves all other ligands and the Type I receptors in combination with any Type II 

receptor. The signal is further processed by SMAD1/5/8 (Figure 1-1B). 

Signaling of the Type II-Type I receptor complexes can involve auxiliary type III 

receptors. There are two type III receptors, Endoglin/CD105 (ENG) and 

Betagylcan/TGFBR3 (β-glycan), which share highly similar sequences [41-43]. 

Structurally, the Type III receptors have large extracellular domains, but lack the kinase 

domain typical of the Type II and I receptors, thus Type III receptors can aid in 

enhancing or inhibiting TGF-β signaling, but cannot signal on their own. The receptors 

differ in that β-glycan is ubiquitously expressed and reportedly more involved in the 

TGF-β signaling pathway [41] (Figure 1-1A). Meanwhile, ENG is predominantly found in 

ECs and involved in both the TGF-β and BMP signaling cascades [44] (Figure 1-1A and 

B). 
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Intracellular Pathways 

SMAD-dependent The dominant manner that TGF-β signals are propagated to 

the nucleus is via SMAD proteins. SMADs were initially discovered and studied in C. 

elegans and the Drosophila (SMA from C. elegans + MAD [Mother against 

Decapentaplegic] proteins from Drosphila) and are highly evolutionarily conserved. 

Eight SMAD subtypes are categorized into three classes: 1) receptor-activated, 2) co-

mediator, and 3) inhibitory SMAD [45, 46]. There are five receptor-activated (R-) 

SMADs: SMADs -1, -2, -3, -5, and -8. When activated the R-SMADs are recruited to an 

activated type I receptor, specific R-SMADs group to form homo/heteromeric 

complexes, which form in any combination between SMAD2/3 or SMAD1/5/8 (Figure 1-

1A and B). Co-mediator SMAD4 will then combines with the R-SMAD complex and aid 

in translocating the TGF-β signal into the nucleus. Once in the nucleus, the 

heterocomplex can control various transcriptional targets by interacting with specific-

response elements, such as SMAD binding elements (SBEs) located within the targets’ 

transcription regulatory regions [36, 46, 47] (Figure 1-1C). 

SMAD signaling can be inhibited at various points in the signaling cascade [33, 

48]. The Inhibitory (I-) SMADs [-6 or -7] may also prevent TGF-β intracellular 

propagation by competing with the R-SMADs for the binding site within the TGF-β type I 

receptor. I-SMADs quench the signal propagation by calling for the degradation of the 

type I receptor by recruiting ubiquitin ligases or inviting inactivating phosphatases 

(Figure 1-1D). A signal may also be inhibited if the R-SMADs are directly degraded by 

SMURF1 and SMURF2 within the cytoplasm [48]. 

SMAD-independent pathway TGF-β signaling can “cross-talk” with other 

signaling pathways, most notably components of the Mitogen Activated Protein Kinase 
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(MAPK), Rho-like GTP-ase, and phosphatidylinositol-3-kinase (PI3K)/Akt pathways. The 

cross-talk can be initiated at the membrane, with the Type II receptor, or intracellularly 

with the SMADs [49] (Figure 1-1E). 

TGF-β Signaling Pathway in the Endothelium 

Several TGF-β members are expressed within the vasculature, some specifically 

in the endothelium. These are the TGF-β1,–β3, BMP9 and BMP10 ligands, Type II 

receptors TGFBR2 and BMPR2, Type I receptors ALK1 and ALK5, and all SMADs [40, 

50]. These were considered major players in the vasculature because there are several 

human cardiovascular diseases linked to certain genetic mutations and further 

confirmed in various in vivo models. Such examples are Marfan Syndrome (TGFBR2 

mutations) and Loeys-Dietz Syndrome (ALK5 and TGFBR2) [51, 52]. Other members 

may be essential within the vasculature based on in vitro and in vivo studies, despite not 

being associated with human diseases. It was found that mice null for the TGF-β1 

ligand, Tgfbr2, Alk5, Eng and Smad5 were commonly embryonic lethal at midgestation 

(from E9.5-11.5) due to defective yolk sac vasculogenesis [53-59]. Alk1 was also 

embryonic lethal at E10.5, but due to defective angiogenesis. Additionally, Eng knockout 

(KO) and Alk5 KO mice presented cardiac defects and Tgfb1 KOs were affected with 

inflammation and autoimmunity. 

There is debate over what roles the differing TGF-β signaling members play in the 

vasculature, and many in vivo and in vitro studies are contradictory. Both ALK1 and 

ALK5 are thought to be both expressed in EC. It is reported from in vitro studies that 

both propagated the TGF-β class of ligands via TGFBR2, but ALK5 signals via 

SMAD2/3 and ALK1 via SMAD1/5/8. Goumans et al. suggested that ALK5 kinase is 

essential for ALK1 activation and these may balance the other’s function within ECs 
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[60]. The authors found that ECs deficient in ALK5 were defective in both TGF-β/ALK5 

and TGF-β/ALK1 responses. Although, it is found that ALK5 and ALK1 induce opposing 

angiongenic responses. TGF-β/ALK1 seems to promote EC migration and proliferation 

(activation phase), while TGF-β/ALK5 promotes extracellular matrix deposition (ECM) 

and inhibits EC migration and proliferation [61]. However, another group performed a 

study in which ALK1 was constituitively activated in ECs. They found that ALK1 

appeared in be involved in the resolution phase of angiogenesis [62].  

Additionally, there is not a clear consensus as to which cell types the Type I 

receptors are expressed. It is accepted that ALK1 is expressed on ECs. 

Immunohistochemical expression experiments of human colon demonstrated that both 

ALK1 and ALK5 are expressed in ECs [60], but murine expression studies indicate that 

ALK5 is expressed only in SMCs, not ECs [63]. The murine finding was further 

supported in an Alk5 cKO mouse model in which Alk5 was specifically deleted in ECs 

using an Alk1-cre deleter line (L1cre). The L1cre(+);Alk5fl/fl mice were completely 

unaffected, while Alk1 cKO mice using the same cre-deleter line consistently developed 

vascular malformations and died shortly after birth [64]. There has been debated over 

which pathway ALK1 may activate, having originally implicated in the TGF-β pathway 

based largely on in vitro data assuming the physiological ligand for ALK1 was TGF-β1. 

However, there is growing evidence that ALK1 is more of a BMP signaling member and 

that its natural ligands are BMP9 and BMP10 [65, 66].  

Of the two signaling cascade, the BMP signaling pathway seemingly plays a larger 

role in the endothelium [24, 50]. The cross-talk with other signaling pathways, such as 

the Notch, Shh, and WNT, is essential for the regulation and function of this pathway. Of 



 

25 

the ligands, BMP2 and BMP4 are mediators of endothelial differentiation and function. 

Two other endothelial-specific ligands, BMP10 and BMP9, promote a quiescent 

endothelium [66, 67]. Targets of the quiescent factors include inhibitor of differentiation 

(ID)-1, ID2, interleukin-8, and ENG. Certain BMP-antagonists (including noggin, chordin, 

and BMPER) play critical roles in regulating the expression of the various BMP ligands, 

typically in a dose-dependent manner. For example, low concentrations of BMPER 

activate BMPs, while high concentrations have the opposite effect. Gremlin is another 

BMP antagonist that is induced in hypoxic conditions and works by preventing the BMP 

ligand from binding to the receptor [50].  

The importance of TGF-β signaling within the endothelium is exemplified in the 

genetic vascular dysplasia Hereditary Hemorrhagic Telangiectasia because mutations 

in Alk1, Eng and Smad4 cause the disease. 

Hereditary Hemorrhagic Telangiectasia (HHT) 

Hereditary Hemorrhagic Telangiectasia (HHT), or Rendu-Osler-Weber Syndrome, 

is an autosomal dominantly-inherited vascular disorder. Though still considered rare, it 

is one of the more common inherited diseases, affecting 1:5,000 to 10,000 people 

worldwide, with no clear preference to gender, geography or race [68, 69]. Clinical 

diagnosis of HHT is based on the following Curaçao Criteria: 1) an affected immediate 

family member, 2) epistaxis, 3) mucocutaneous telangiectasia, and 4) arteriovenous 

malformations (AVMs) within certain major organs [70]. A patient is a given a suspected 

diagnosis if there are only two of the four Criteria, but a confirmed diagnosis if he/she 

have at least three. The vascular malformations can leave the vessels quite fragile and 

prone to rupturing and hemorrhaging. HHT is a largely unpredictable disease in that the 

severity and location of symptoms varies amongst patients, even family members, and 
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symptoms often appear spontaneously. Interestingly, only predilection sites of vascular 

beds are frequently affected in a highly variable pattern. Age of onset of symptoms also 

varies, although there seems to be a degree of age-dependent prevalence, appearing 

more frequently in the older population, typically older than 40 years of age [71]. HHT is 

often diagnosed late or overlooked as the symptoms are very broad and many non-

specialized physicians may not properly identify an HHT patient [68]. The level of 

concern caused by hemorrhaging depends upon bleeding severity, tissue location and 

environment. Acute hemorrhaging is of concern if it affects hemodynamics, occurs in a 

closed space (i.e. cerebral/spinal system), or compromises organ function (e.g. oxygen 

exchange in the lungs). Chronic hemorrhaging can lead to anemia; a small population of 

HHT patients (6-7%) may experience thromboemboli [72]. 

Genetics of HHT 

HHT is caused by mutations that result in the haploinsufficiency of five genes, each 

of which correspond to a type of the disease (HHT1-4, JP-HHT); however, only three of 

the genes have been definitively identified. HHT type I (HHTI) is associated with 

mutations in ENG and HHT type II (HHT2) is due to ALK1 [73, 74]. HHT1 and HHT2 

account for >80% of cases. SMAD4 is linked to a phenotypically combined syndrome of 

HHT and another autosomal dominantly-inherited disease called Juvenile Polyposis 

(JP-HHT) [75]. The JP-HHT patients (which comprise of only 1-2% of cases) experience 

the formation of polyps within the gastrointestinal (GI) tract and colon during childhood, 

hallmarks of JP, in addition to HHT phenotype. It is reported that a quarter of JP-HHT 

were results of de novo mutations [76]. HHT3 and HHT4 are reportedly due to 

mutations in regions within chromosomes 5 and 7p14, respectively, however, the 

specific genes are still unknown [77, 78]. A suggested candidate gene for HHT4 is 
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BMPER [78]. Based on recent fine mapping sequencing, genes that have been 

excluded for HHT3 are the angiogenic proteins vascular endothelial (VE)-cadherin, 

Sprouty4, and fibroblast growth factor (FGF)-1 [79]. The paucity of information of HHT3 

and HHT4 indicate symptoms are milder compared to the other types of HHT [77, 79].  

In general, it is largely believed that patients are heterozygous for the genetic 

mutations as there has not been a confirmed case of a homozygous mutated patient 

[71].  Also, conventional animal knockout models for each HHT gene are embryonic 

lethal, supporting the notion that patients may be heterozygous for the dysfunctional 

gene. Additionally, it has been accepted that the vascular malformations develop as a 

result of haploinsufficiency of the functioning gene [80, 81]. 

Clinical Aspects 

The most common symptom (afflicting >90% of patients) is recurrent, spontaneous 

epistaxis, lasting from a few minutes up to hours. Though seldom life-threatening, it 

often leads to a reduced quality of life and is the most frequent reason a patient would 

seek treatment and possibly a diagnosis [82]. Many patients typically experience the 

first nosebleed by age 10 then their condition may worsen by which they may 

experience nosebleeds daily and multiple times a day [72].  

In general, the bleeding seen in HHT patients is presumably a consequence of 

abnormalities in the vascular bed, with endothelial dysfunction being the most likely 

culprit. The nosebleeds are believed to result from the formation and subsequent 

rupturing of telangiectases within the nasal passage. Telangiectases, the second most 

common symptom (at 80% of cases), are focal lesions in which the postcapillary 

venules have dilated [83]. Consequently, the vessel wall is compromised and highly 

susceptible to rupturing. Telangiectases can appear as red spots if they are near the 
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surface of the skin. These are often visible within the tongue, oral cavity, lips, and 

surface of the skin (seen in ~75% cases), though they have also been found in visceral 

organs, like the liver and brains, and have been shown to cause arteriovenous (AV) 

shunting, a process when arterial blood flows directly in the veins. While telangeictases 

inside the nose or GI tract frequently bleed, they are seldom dangerous if these are 

superficially located on the skin or oral cavity [84]. However, facial lesions can be 

stigmatizing.  

When telangiectases have progressed in size enough, the arteries will connect 

directly into the veins, an abnormality known as an arteriovenous malformation (AVM) 

[83, 85]. AVMs are the most problematic of the HHT symptoms especially if formed in 

major visceral organs, such as the lungs, liver, and brain. AVMs are treatable when 

found; however, in some cases the patient may be unaware of its existence. These 

visceral AVMs are akin to “time-bombs” in that these may be asymptomatic, even for 

years, then suddenly cause catastrophic complications. AVMs within the pulmonary and 

cerebral vasculature can cause severe neurological problems and are the leading cause 

of death if they are not detected and treated in a timely manner. When patients are 

screened for AVMs, it is for these two types of AVMs [86].  

Interestingly, 80-90% of all reported pulmonary AVMs (PAVMs) are associated 

with HHT, although only 15-50% of HHT patients develop PAVMs. Most PAVMs 

develop later in life and more HHT1 patients over HHT2. Lung afflictions that may 

directly result from PAVMs include hypoxaemia, cyanosis, poor exercise 

tolerance/decompression illness and dyspnoea [87]. Secondary effects to the cerebral 

system include migraines, “transient ischemic attacks,” stroke, seizures and cerebral 



 

29 

abscesses due to paradoxic embolism [87]. In fact, 30-40% of patients with a PAVM 

develop strokes, seizures and cerebral abscesses. The size and number of the PAVMs 

plays a big factor in the severity of secondary symptoms. Rupturing of a PAVM and 

death from it can happen though rare, with only ~10% of patients experiencing 

hemothorax or hemoptysis [87].  

Another commonly affected organ system is the GI tract, with 25-33% of HHT 

patients found with vascular malformations in areas such as the stomach, duodenum, 

jejunum and colon. Telangiectases are more often seen and bleeding can lead to 

severe, transfusion-dependent anemia and having patients undergo more frequent 

blood transfusions occur, particularly in patients older than 60-years-old [87]. Patients 

with SMAD4 mutations should additionally be screened for gastric polyps as these may 

progressively become malignant [76].  

It is believed that 32.5-74% patients experience the hepatic manifestations [88]. 

Fortunately, most liver vascular malformations are not life-threatening and HHT patients 

typically remain asymptomatic because the heart can compensate for minor shunting. 

On the other hand, in very rare cases complications from the severe liver AVMs can be 

among the most dangerous and difficult to treat [89]. There are 3 categories of HHT 

liver disease: Garcia types 1-3. Garcia type 1 leads to heart failure (most common but 

treatable) and post capillary pulmonary hypertension; Garcia type 2 to portal 

hypertension (the most consistently difficult to manage); and Garcia type 3 to varietal 

biliary disease (with variable outcomes) [71]. Liver complications appear to affect more 

women than men, and those over the age of 40 experience heightened risk. 

Additionally, vascular lesions may also form in the bladder/ureter, conjunctiva, 
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pancreas, bowel or spleen, however, hemorrhaging at these sites are seldom of 

relevance [72]. 

Occurring in about 10-20% of HHT patients, one of the most critical types of AVM 

for HHT patients are the cerebral AVMs (CAVMs) because treatments are not 

standardized and can be high risk [72, 87]. HHT-related CAVMs can be classified into 

three types: micro AVMs (<1cm), small nidus AVMs (1-3 cm) and fistulous AV shunts, 

each with a prevalence of 40%, 30%, and 30%, respectively. Most CAVMs are 

superficial, rarely penetrating the white tissue matter. Symptoms from CAVMs are 

similar to the neurological affects of PAVMs mentioned previously. Interestingly, only 

28% cases of the neurological complications are due directly from cerebral 

hemorrhaging from the CAVMs; instead 61% are indirectly from PAVM emboli [87]. 

Additionally, CAVMs can cause epilepsy and there are cases that CAVMs in children 

could lead to high output cardiac failure. Spinal AVMs are even rarer (>1%) and 

hemorrhaging from these can cause patients to be become paraplegics [72].  

Women with HHT are typically capable of becoming pregnant and carrying the 

child to term if extra precautions are taken [71, 72, 84, 87]. PAVMs pose the biggest 

treat as these have a tendency to rapidly grow in size and consequently result in 

hemothorax or hemoptysis. Precutaneous embolotherapy is sometimes performed 

during the second trimester as a preventative measure. Additionally, antibiotics can be 

given before delivery to help prevent infections. If spinal AVMs are present, epidurals 

are largely avoided during delivery. Cases of major PAVMs hemorrhaging (1.3%) and 

major stroke (1%) is very rare. The chances of a miscarriage are increased if the mother 

is hypoxic. 
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A subset of HHT patients, predominantly HHT2, may also develop another rare but 

potentially fatal vascular disease called pulmonary arterial hypertension (PAH) [90]. 

PAH may result from maladaptive pulmonary vascular remodeling, including 

exaggerated proliferation and dysfunction of both ECs and vascular smooth muscle 

cells (vSMCs). This can lead to hypertrophied SMC layers in the pulmonary vascular 

system and cause increased vascular resistance. The consequent increase in 

pulmonary blood pressure leads to the PAH-characteristic mean pulmonary arterial 

pressure >25 mmHg at rest or >30mmHg during exercise [91]. There are multiple 

categories of PAH. Familial PAH (fPAH) occurs when the cause is genetic. Confirmed 

genetic cause of PAH are attributed to the TGF-β Type II receptor BMPR2. Secondary 

PAH arises in response to another disorder (e.g. scleroderma), and idiopathic (IPAH) 

PAH is when the cause is not known [91]. Symptoms of PAH which overlap with HHT 

include exercise intolerance, fatigue, dyspnea, and weakness [92]. 

Current Treatments 

Current treatments for HHT alleviate the inconvenience of symptoms [86]. 

Recently, more focus has been on antiangiogenic targets. Clinical trials for drugs 

treating HHT patients include using anti-angiogenic agents such as beviacizumab (a 

neutralizing antibody against all VEGF-A isoforms), thalidomide and interferon α-2b in 

attempts to stop bleeds or the formation of AVMs [93-95]. In terms of treating epistaxis, 

it is believed that nasal humidification by topical ointments and sprays should be initially 

attempted [86]. Pharmacological treatments for epistaxis include the drugs mentioned 

above, antifibrinolytics (e.g. epsilon-aminocaproic acid and tranesamic acid), female sex 

hormones (e.g. estrogen) applied either systemically or topically or partial hormone 

antagonist distributed orally, such as tamoxifen or raloxifen [96, 97]. Surgical options 
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encompass coagulation of the endonasal telangiectases with electrical or laser cautery, 

the replacement of fragile respiratory nasal mucosa with skin grafts from the thigh or 

pedicled oral mucosa grafts as modifications of a septodermoplasty (first described by 

Sanders), and, in extreme cases, the nose may be surgically closed (via a modified 

Young’s procedure) [98-100]. 

Preliminary attempts of gene therapy for HHT patients show promise. For one, a 

plasmid construct was created in which the endothelial specific gene ICAM-2 and Eng 

were inserted upstream of human Eng cDNA. After injecting the expression vectors 

systemically or locally it was found that there was indeed ENG expression in the vessels 

of the lung, liver and skin [101]. Another method showing promise as therapy is the use 

of isolating blood outgrowth endothelial cells (BOECs) from the circulation, expanding 

them in culture then re-incorporating the cells in vivo. The initial reports of this were 

done in 2005 in which BOECs from HHT1 and HHT2 patients were collected and 

characterized. The matured ECs expressed the expected EC markers (e.g. PECAM-1-

1, ENG, FLK1, ALK1, von Willebrand Factor), but there was a drastic decrease of ENG 

in both HHT1 and HHT2 derived cultures [102]. 

Significance 

HHT is a systemic complex and unpredictable disease. For one, the vascular 

malformations seen in HHT appear as focal lesions, thus not all vascular beds are 

affected. Braverman et al. first describe the growth of a telangiectasia into an AVM in 

1990. They described how the telangeictasia begins as a dilatation of the postcapillary 

venule. The SMC layer of the venule thickens and its diameter enlarges. Though there 

are still intervening capillaries conneting the growing venule to arterioles, eventually the 

arterioles begin to grow as well and the capillaries eventually disappear [83]. Because 
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the three known genes responsible for HHT are part of the TGF-β signaling family, and 

interestingly those expressed specifically on ECs, defective TGF-β signaling in which 

the EC is primarily affected appears to be a cause of the HHT lesions. Hence, 

examining TGF-β signaling in ECs to understand the underlying pathogenic mechanism 

is important for effective treatment. There are currently no treatments that genetically 

target the HHT genes, as the mechanisms of these are still not clearly understood. 

To determine the in vivo role of Eng in physiological and pathologic angiogenesis 

and how the loss of Eng can lead to formation of vascular malformations, two Eng cKO 

(an endothelial-specific and a global KO) were generated and the phenotypes 

compared to Alk1 cKO phenotypes (using the same cre deleter line). Then to clarify why 

EC-specific deletion of ALK5 and TGFBR2 did not result in vascular malformations, in 

our previous models [64], EC-specific Alk5 and Tgfbr2 ablation models were 

characterized using a novel cre-knockin line to determine whether TGF-β signaling 

superfamily members have spatiotemporal roles in ECs.   



 

34 

 
Figure 1-1. The two main TGF-β signaling pathways in vascular cells are the TGF-β and 

BMP pathways. A) In the TGF-β pathway, the TGF-β(1,-2,-3) ligands bind to 
TGFBR2, which phosphorylates a TGF-β type I receptor, predominantly 
ALK5. There is still debate whether ALK1 interacts or is involved in this 
pathway. Either the type III receptors β-glycan or ENG may aid in ligand 
binding. The TGF-β signal is propagated to the nucleus via R-SMADs 2/3. B) 
In the BMP signaling pathway, a BMP ligand (BMP2,-4,-9,-10) binds to the 
type II receptor BMPR2, which recruits and activates ALK1 or ALK2. ENG is 
the only type III receptor that is involved in this pathway. The signal is 
transduced intracellularly through SMAD1/5/8. C) The pathways converge as 
the pathway-corresponding R-SMADs complex with the co-mediator SMAD4. 
The heterocomplex translocates into the nucleus and regulate transcription of 
downstream targets. D) Signal transduction can be interfered by I-SMAD6 or -
7, which can compete with R-SMADs to bind the activated type I receptor or 
recruit ligases that degrade the type I receptor or signal. E) Additionally, either 
pathway can cross-talk with other signaling pathways throughout the 
intracellular cascade, most notably TAK, JNK, and notch signaling. These can 
interact directly with the activated type I receptor, with the SMADs, or 
intercept and transduce the signal to the nucleus. 
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CHAPTER 2 
METHODS AND MATERIALS 

Transgenic Murine Models 

Mouse Breeding 

All procedures performed on animals were reviewed and approved by the 

University of Florida Institutional Animal Care and Use Committee. The generation of 

transgenic mouse lines: L1cre, bi-floxed Endoglin (Eng2f/2f), floxed Tgfbr2 (Tgfbr2fl/fl), 

and floxed Alk5 (Alk5fl/fl) were previously described [55, 64, 103, 104]. R26-CreER was 

purchased from Jackson Laboratories. To generate L1cre(+);Eng2f/2f mice, Eng+/2f mice 

were mated to L1cre(+) mice, resulting in litters heterozygous for the floxed Eng allele. 

L1cre(+);Eng+/2f were crossed with Eng+/2f mice. Eventually Eng2f/2f were selected to 

mate with L1cre(+);Eng+/2f to maintain colonies. Mice were on a mixed breed 

background of C57BL6 and 129Sv.  

To generate R26-CreER(+);Eng mice, R26-CreER(+);Eng2f/2f  mice were mated with 

Eng2f/2f mice to generated offspring that were either R26-CreER(+);Eng2f/2f or Eng2f/2f. 

R26-CreER activity was induced by an intraperitoneal (IP injection) of tamoxifen (TM), 

dissolved in corn oil, in adult mice (older than 2-months of age). Concentrations and 

number of injections used were at 2.5mg TM/25 g mouse body weight either once, twice 

or thrice, or at 2.5mg TM/40 g body weight either two or three times.  

Timed Matings 

Tgfbr2fl/fl and Alk5fl/fl mice were mated with respective Alk1GFPcre;Tgfbr2+/fl and 

Alk1GFPcre;Alk5+/fl mice, then the female was checked for a copulation plugs the next 

morning. The presence of a plug was designated embryonic day (E)0.5. At the 

embryonic day of desire the pregnant female was euthanized by exposure to 100% 
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isoflurane (Sun Surgical) followed by cervical dislocation. The embryos were removed 

and collected into cold 1X phosphate buffered saline (PBS). For E10.5-13.5 embryos, 

the heads were detached from the body then the embryos and corresponding placentas 

were collected. For E15.5 and older embryos, whole organs were removed and 

collected. Embryonic tissues were fixed in 4% Paraformaldehyde (PFA) in 1X PBS (pH 

7.0) for 2-12 hrs at 4°C, with shaking.  

Polymerase Chain Reaction (PCR) Analysis 

Two-mm tail biopsies were collected from mice at three weeks of age or older; for 

embryos, the yolk sac was collected. Tissues were digested in Lysis buffer [50 mM Tris 

(pH 8.0), 0.5% Triton-X] with 1 mg/ml proteinase K (EMD Biosciences) for 8-16 hr at  

55°C. The tissues were centrifuged for 10 min at 12000 rpm, 2 µl of the supernatant  

was added to the following PCR reaction: 5X PCR Buffer (Promega), 25 mM MgCl2  

(Promega), 25 pM dNTP, 0.5 µl of 25 pmol primers (Integrated DNA Technologies),  

volume to 25 µl with sterile ddH2O. To avoid evaporation, a layer of mineral oil (Sigma)  

was added. A “Hot Start” was done in which the reaction was heated to 95°C for 10 min,  

then to 72°C during which Taq polymerase (Promega) was added. The reaction was  

allowed to undergo 36 cycles of: 95°C for 45 sec, 60°C for 45 sec, and 72°C for 1 min;   

followed by an additional 72°C elongation for 10 min. The products were run in a 2%  

agarose (Lorenza) and visualized by a ultraviolet (UV) transilluminator. See Table 2-1  

for the list of PCR primers used.  

X-Gal Staining 

1-2-mm fragments of various organs were collected into 1X PBS. Tissues were 

incubated in X-gal fixative solution [1% formaldehyde, 0.2% glutaraldehyde, 2 mM 

MgCl2, 5 mM EGTA, 0.02% NP-40) for 15 min at room temperature (RT), with rocking. 
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Tissues were rinsed twice with ddH2O for 5 min each, with rocking. After washing the 

tissues were incubated in X-gal staining solution [5 mM K3Ke(CN)6, 5 mM K4Ke(CN)6, 2 

mM MgCl2, 0.01% Sodium Deoxycholate, 0.5 mg/ml X-gal], X-gal (Fisher Scientific)] for 

6-16 hrs at 37°C in the dark, with rocking. The stained specimens were then washed in 

1X PBS at RT then analyzed using a light microscope. Afterwards, these were prepped 

for histology.  

Histology and Immunohistochemistry 

Tissue Preparation 

Embryos or 1-5 mm biopsies from various organs from adult mice (1.5 months or 

older) were collected into cold 1X PBS. The left lobe of adult mice was inflated for better 

resolution of the vessels. First, the lungs were flushed with 1 ml 10U/ml heparin (1:10 in 

1X PBS,100U/ml; Abbott Laboratories) by injection into the right ventricle of the heart 

with a 26-G needle (BD Precision). The whole heart and lungs were collected into 1X 

PBS, then lung left lobe and the connected portion of the primary bronchi to the trachea 

branching point were excised. A blunted 25-mm gauge (G) butterfly needle was inserted 

into the bronchi and tightly tied with a suture. The lung was inflated with 1X PBS for 7 

min following by 4% paraformaldehyde (PFA) for an additional 7 min, both via gravity 

flow, in which the fluid level was 20-cm higher than the lung. The inflated lung was 

pulled off the needle, immediately and completely ligated at the bronchi, then fixed with 

4% PFA.  

For paraffin-embedding of tissue, adult organs, the whole or at least 2 to 5-mm 

biopsies were collected into 1X PBS and fixed in 10% buffered Formalin (Fisher 

Scientific) or 4% PFA overnight (O/N) at RT, with shaking. For embryos, whole embryos 

were collected in cold 1X PBS, decapitated and fixed in 4% PFA O/N at 4°, with 
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shaking. All fixed tissues were then washed in 1X PBS then dehydrated in a graded 

series of ethanol (for adult organs: 2x70% to 2x95% to 3x100%; for embryos: 1x25% to 

1x50% to 2x70% to1x80 to 2x95% then 3x100%), followed by clearing in CitriSolV 

(Fisher Scientific). The tissues were incubated in twice paraffin at 60°C then once at 

60°C with vacuum pressure and finally embedded in paraffin wax. Using a microtome, 

tissues were cut into 5 µm thick sections onto positively-charged slides (Fisherbrand 

SuperfrostPlus) and heated for at least 20 min to fix the tissue onto the slide. For further 

histological processing, paraffin-embedded sections were cleared and rehydrated in 

CitriSolV (Fisher Scientific), a degraded ethanol series (100% to 95%) and ddH2O. 

For frozen embedding of tissue, whole organs or 2 to 5-mm biopsies were fixed in 

4% PFA overnight at 4°C, with shaking. Fixed tissues were briefly washed in 1X PBS 

and ddH2O, and incubated in 15% sucrose (Sigma) for 3-6 hrs then 30% sucrose O/N at 

4°C, with shaking. Tissues were soaked in a 1:1 mix of OCT:30% sucrose for 2 hrs, 

then embedded in OCT (Tissue-Tek), then stored at -80°C until needed. Tissues were 

cut into 8µm sections onto positively-charged slides (Fisherbrand SuperfrostPlus) using 

a cryostat.   

Hematoxylin and Eosin (H&E) Staining 

Tissues were incubated in filtered hematoxylin (Richard-Allan Scientific) for 1.5 to 2 

min, rinsed in ddH2O, rinsed in clearing solution for 8 secs, bluing solution for 15 sec, 

then 95% ethanol for 1 min. Slides were placed in eosin (Y with phloxine; Richard-Allan 

Scientific) for 15-25 sec, dehydrated/cleared in 95% and 100% ethanol then CitriSolV 

and mounted with Permount (Fisher Scientific). 
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Immunohistochemistry (IHC) 

After rehydration, tissues were blocked in 3% hydrogen peroxide (30%; Fisher). 

For staining of smooth muscle, tissues were stained using the Vector Mouse on Mouse 

(M.O.M) Peroxidase Kit (Vector Laboratories) according to the manufacturer’s protocol. 

The primary antibody used was a mouse monoclonal α-SMA (1:800; Clone 1A; Sigma) 

and visualization was carried out using the DAB Substrate kit (Vector Laboratories). For 

staining of endothelial cells, tissues were digested using trypsin (Carezyme I; BioCare 

Medical) followed by blocked with Rodent Block M (BioCare Medical) then incubated in 

the primary antibody, α-PECAM-1/CD31 (1:100; BioCare Medical), diluted in  Da Vinci 

Green diluent (BioCare Medical) O/N at 4°C. The protocol continued using the Rat on 

Mouse AP-Polymer kit (BioCare Medical), with 20 min incubation in both solutions. 

Chromogen reaction was carried out using the Vulcan Fast Red chromogen (BioCare 

Medical). Slides were counterstained in hematoxylin, dehydrated and cleared, then 

mounted with Permount.  

For ENG staining, frozen sections were air-dried and fixed in cold acetone. Tissues 

were blocked with 5% Normal donkey serum (CalBioChem) then incubated in rat anti-

mouse α-ENG (1:100; Clone MJ7/18; eBioscience) O/N at 4°C. This was followed by 

incubation in AlexaFluor 594 donkey anti-rat IgG (1:500; Molecular Probes). Sections 

were doubled stained with PECAM-1, re-fixing tissue in 4% PFA, blocking in 5% normal 

goat serum and incubating tissues with a PECAM-1 FITC-conjugated mouse 

monoclonal (1:250; Clone 390; Millipore) O/N at 4°C. Tissues were mounted using 

Vectashield mounting medium with DAPI (Vector Laboratories) diluted 1:1 in 1X PBS. 

Staining was visualized by a Leica confocal microscope. 
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Wound Induction in Endoglin (Eng) iKO models 

On the last day of TM injection, mice were anesthetized with 5% isoflurane/95% O2 

then maintained under 1-3% isoflurane/O2 delivered via nose cone connected to an 

anesthetization machine. A 2-mm hole was induced in the untagged ear with a 2-mm 

biopsy punch. For the dorsal skin wound, the dorsal fur was shaved off with an electric 

razor and the area briefly sprayed with alcohol. A 5-7-mm wound was induced and the 

wound immediately treated with an antiseptic, such as betadine. 

Latex Vascular Casting 

To visualize potential AVMs, a latex dye vascular casting was done in which latex 

was injected into the arterial circulation. Because latex is a thick liquid, it cannot travel 

completely through the fine capillary beds thus in normal conditions remains solely in 

the arteries. However, if there is AV shunting, the latex can be seen in the veins (often 

as a lighter shade of blue than the arteries). 

 Mice were anesthetized with a mix of 100 mg ketamine and 10 mg xylazine per kg 

body weight, injected intraperitoneally. A sagittal incision was made from the abdominal 

to the neck and the chest was opened to reveal the heart. For visualization of the 

systemic circulation, a 25 G butterfly needle (BD Precision) was inserted into the left 

ventricle. The circulation was perfused with a succession of three solutions (10 ml each) 

at a rate of 120 ml/hr using a KD Scientific syringe pump: 1) Heparin (20U/ml; Sigma) to 

unclot blood; 2) freshly-prepared vasodilator solution [10U/ml Heparin (Sigma), 0.4 

mg/ml Papaverine, 100 µM sodium nitroprusside in 1X PBS] to dilate vessels; and 3) 

10% buffered formalin (Fisher Scientific). 400-700 µl of blue latex (Connecticut Valley 

Biological Supply) was immediately injected using a 26G 3/8 syringe (BD Precision) 

inserted into the same injection site. For latex injection of the pulmonary circulation, 
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latex was injected into the right ventricle of the heart and the left atrium was nicked to 

allow dye to flow out. The injected mouse was washed of excess dye and fixed O/N in 

10% buffered formalin. To better visualize vessels, the lungs, skin and ears were further 

process by dehydration in a graded methanol/ddH2O series (50% to 70% to 90% to 

100%) followed by clearing in an organic solvent solution (1:1 benzyl alcohol:benzyl 

benzoate). 

Southern Blot Analysis 

For the southern blot probe, a 760-bp PCR product was generated using 

conditions mentioned previously. The isolated PCR product was then labeled with DIG 

using either Roche’s DNA labeling and detection kit or High Prime PCR-labeling kit, 

then following the manufacturer’s protocol. 2-3-mm tissue biopsies were harvested and 

genomic DNA (gDNA) was isolated using QIAGEN Tissue and Blood kit, according to 

the manufacturer’s instructions. gDNA DNA concentrations were measured using a 

Beckman Coulter spectrophotometer. 10 µg of gDNA was digested with 5U/µg BamHI 

restriction enzyme (NEB) for at least 16 hrs at 37°C. If total volume of digestion reaction 

was ≤ 25 µl, samples were loaded directly into the 1% agarose gel. If total volumes 

were > 25µl, sample volumes were to brought up to 100 µl by the addition of ddH2O. 

Samples were precipitated by adding 2X sample volume and 10% sample volume of 

100% ethanol and 3M sodium acetate, pH 5.2, respectively, then incubating at -20°C for 

at least 20 min. Samples were centrifuged at RT for 25 min, washed with 3X original 

sample volume of 70% ethanol, centrifuged for another 10 min at RT, the pellet air-

dried, then resuspended in 20 µl autoclaved ddH2O. 1 µl of 6X DNA loading dye was 

added to all samples. 1% agarose gels were loaded with a DIG-labeled molecular 

marker, with a well skipped between the marker and experimental samples. The 
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digested gDNA was slowly run in the gel at 35-35V until the dye has migrated at least 7 

cm in the gel, indicating sufficient separation or gDNA. 

After electrophoresis, the gel was incubated in depruination solution (250mM HCl), 

a denaturation solution (NaOH, NaCl) then neutralization solution (Tris base, NaCl). The 

gDNA was transferred onto a positively charged nylon membrane (Roche) via capillary 

action for at least 12 hrs, using 20X SSC (NaCl, Sodium citrate, pH 7.0) as a transfer 

buffer.  Post-transfer, gDNA was fixed onto the membrane by UV-crossing by exposure 

to low UV wavelengths of a UV transilluminator for 5 min. The membrane was rinsed 

briefly in ddH2O then preincubated in Roche’s DIG Easy Hyb solution at 42°C. The DIG-

labeled probe was allowed to hybridize to target gDNA for at least 16 hrs in a 42°C 

water bath, with shaking. Next, the membrane was washed in low stringency buffer (2X 

SSC, 0.1% SDS) at RT and high stringency buffer (0.1X SSC, 0.1% SDS) at 68°C, 

blocked in 1X blocking solution, then incubated with a α-DIG-AP-conjugated secondary 

antibody (1:10,000 in 1X blocking solution; Roche). Chemiluminescent bands were 

visualized using CDP-Star (Roche), then exposing the membrane to autoradiography 

film (GeneMate). Quantification of the southern blots was performed with ImageJ 

software (NIH, Besthesda). 

Hemoglobin Measurement 

To monitor potential internal hemorrhaging within cKO mice, the hemoglobin levels 

of tamoxifen treated mice were measured. Two-mm of the tip of the mouse tail was cut 

off and the first drop of blood was discarded. A second drop of blood was extracted, 

collected into a microcuvette (HemoPoint H2 n*x*t microcuvette, Stanbio Laboratories), 

then placed into a HemoPoint H2 Hemoglobin Photometer (Stanbio Laboratories). The 
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normal hemoglobin levels for mice is 10-20 g/dL, thus levels below would be indicative 

of hemorrhaging (http://www.fauvet.fau.edu/oacm/VetData/Handouts/mouseHO.htm). 
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Table 2-1.  Conditional transgenic mouse lines used  

Mouse line Description 

 
Eng2f 

 

 
loxP site flank exons 5&6, which code the extracellular domain  

Tgfbr2fl 

 
loxP site flank exon 2, which contains the transmembrane domain 

Alk5fl loxP site flank exon 3, which contains the transmembrane domain 

R26R Reporter gene used to visualize cre activity after X-gal staining 

Alk12f loxP site flank exons 4-6 of Alk1 gene, which includes the 
transmembrane domain 

Alk13f loxP site flank exons 4-6; an additional neomycin resistant cassette and 
loxP site is inserted in intron 6 

 

Table 2-2. Transgenic cre-deleter mouse lines used  

Cre line 
Time of cre 
activation  

Mechanism Cell type affected 

 
L1cre 

 
Beginning at E13.5 

 
Cre driven by 9.2-kb 
region of Alk1 
promoter 

 
ECs of lungs, GI tract, 
brain, reproductive organs, 
eye; NOT skin, liver, 
kidneys 
 

R26-CreER Adult mice (aged 
>2months) 

Cre activated by IP 
injection of tamoxifen 
 

Ubiquitously expressed 

Alk1GFPcre  Beginning at E9.5 A GFPcre construct 
inserted into intron 3 of 
Alk1 gene 
 

ECs 
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Table 2-3.  Mating schemes for cKO models  

cKO genotype Mating schemes 

 
L1cre(+);Eng2f/2f; R26R(+) 
 

 
L1cre(+);Eng+/2f; R26R(+) X Eng2f/2f 

R26-CreER(+);Eng2f/2f R26-CreER(+);Eng2f/2f  X Eng2f/2f 

 
Alk1GFPcre;Tgfbr2fl/fl 

 
Alk1GFPcre;Tgfbr2+/fl X Tgfbr2fl/fl 

Alk1GFPcre;Alk5fl/fl Alk1GFPcre;Alk5+/fl X Alk5fl/fl 

L1cre(+);Alk12f/2f; R26R(+) L1cre(+);Alk1+/2f; R26R(+) X Alk12f/2f 

R26-CreER(+);Alk13f/3f  R26-CreER(+);Alk13f/3f  X Alk13f/3f 

R26-CreER(+);Alk12f/2f R26-CreER(+);Alk12f/2f  X Alk12f/2f 

 

Table 2-4. Primers used for PCR reactions 

Primer Forward (5’ → 3’) Reverse (5’ → 3’) 
 
Cre 
 

 
GCTAAACATGCTTCATCGTCGGTC 
 

 
CAGATTACGTATATCCTGGCAGCG 

R26R 
 

GTCGTTTTACAACGTCGTGACT GATGGGCGCATCGTAACCGTGC 
 

L1cre 
 

GTTTTCCTTTGAAAAACACGATGA   
 

ATCAGGTTCTTGCGAACCTCATCA 

CreER CATGAACTATATCCGTAACCTGGA 
 

CATCCAACAAGGCACTGACCATCT 
 

GFPcre CGAGAAGCGCGATCACATGGTCCT 
 

TTGCATCGACCGGTAATGCAGGCA 
 

Endoglin, 2f allele 
 

CCATTCTCATCCTGCATGGTCC 
 

CCACGCCTTTGACCTTGCTTCC 
 

Endoglin, 1f allele CAGCCAGTCTAGCCAAGTCTTC 
 

CCACGCCTTTGACCTTGCTTCC 
 

Tgfbr2, floxed allele 
 

TAAACAAGGTCCGGAGCCCA ACTTCTGCAAGAGGTCCCCT 

Tgfbr2, null allele 
 

TAAACAAGGTCCGGAGCCCA 
 

AGAGTGAAGCCGTGGTAGGTGAGCTT 
 

Alk5, floxed allele 
 

ACTCACATGTTGGCTCTCACTGTC 
 

AGTCATAGAGCATGTGTTAGAGTC 
 

Alk5, null allele 
 

ATTTCTTCTGCTATAATCCTGCAG 
 

AGTCATAGAGCATGTGTTAGAGTC 
 

Eng, southern probe 
 

GTCTTGATGGGCCAGGGAATCCGT 
 

TTACTGCCTGGGCTGGGCCCCTGA 
 

mEng, RT-PCR  
 

TGCACTCTGGTACATCTATTC 
 

TGGATTGGGCAGTTCTGTAAA 
 

mActin, RT-PCR CCTGAACCCTAAGGCCAACCG GCTCATAGCTCTTCTCCAGGG 
 

 

https://www.idtdna.com/OrderStatus/%0a%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20SpecSheet.aspx?OrderNum=07000000BA21ED141399E409C2BA8F80884E4071&MfgID=0800000032672A908BC8148B54072C1FBBAF82FE&MfgLocID=1&ProdID=1213&position=1
https://www.idtdna.com/OrderStatus/%0a%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20SpecSheet.aspx?OrderNum=07000000A0C188C35BDC93B8D0394D4D96EB57E7&MfgID=08000000F5F85B423776851B955335377C234595&MfgLocID=1&ProdID=1213&position=1
https://www.idtdna.com/OrderStatus/%0a%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20SpecSheet.aspx?OrderNum=07000000A0C188C35BDC93B8D0394D4D96EB57E7&MfgID=080000007B643BE4BD7EDA36821C9E2D6B37972E&MfgLocID=1&ProdID=1213&position=2
https://www.idtdna.com/OrderStatus/%0a%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20SpecSheet.aspx?OrderNum=07000000A0C188C35BDC93B8D0394D4D96EB57E7&MfgID=08000000E305759A33A87FF2B4B583832563E7B3&MfgLocID=1&ProdID=1213&position=3
https://www.idtdna.com/OrderStatus/%0a%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20SpecSheet.aspx?OrderNum=07000000A0C188C35BDC93B8D0394D4D96EB57E7&MfgID=08000000C94A4DB01821EEEED0A94A43D59CDB21&MfgLocID=1&ProdID=1213&position=4
https://www.idtdna.com/OrderStatus/%0a%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20SpecSheet.aspx?OrderNum=07000000A0C188C35BDC93B8D0394D4D96EB57E7&MfgID=0800000023496D8D7CC2D3A380F085C4FE09613F&MfgLocID=1&ProdID=1213&position=5
https://www.idtdna.com/OrderStatus/%0a%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20SpecSheet.aspx?OrderNum=07000000A0C188C35BDC93B8D0394D4D96EB57E7&MfgID=080000007FE297B60B0B40FF7842769E07E04718&MfgLocID=1&ProdID=1213&position=6
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CHAPTER 3 
CHARACTERIZATION OF CONDITIONAL ENDOTHELIAL-SPECIFIC AND GLOBAL 

ENDOGLIN MURINE KNOCKOUT MODELS 

Hereditary Hemorrhagic Telangiectasia (HHT): HHT1 vs. HHT2 

The majority of HHT cases are attributed to mutations in Eng (HHT1) and Alk1 

(HHT2). Eng was the first identified HHT gene, reported by two independent groups in 

1994 [73, 74]; however, even within one of the reports it was suspected that more than 

one gene may be responsible. It took another two years, in 1996, for Alk1 to be 

identified by the Marchuk group [105]. Interestingly, it would take another ten years for 

other HHT causative genes to be found, although two have still not been definitively 

identified [75, 77, 78]. The different types of HHT are clinically indistinguishable, but 

geographically, there are reportedly higher incidences of HHT2 around the 

Mediterranean (e.g., Italy, France and Spain) and HHT1 is more prevalent in North 

America and northern Europe [106-110].  

Adding to the complexity of understanding this disorder is the fact there is not one 

specific mutation responsible for causing the disease. Each reported HHT family has a 

unique mutation and de novo mutations have also been discovered, though rare. Thus 

far, there have been almost 330 and about 270 distinct ENG and ALK1, respectively, 

mutations reported (hhtmutation.org). Genotype:phenotype correlation studies (mostly 

performed on HHT1 and HHT2 patients) suggests that certain symptoms and visceral 

AVMs occur more frequently in HHT1 over HHT2, and vice versa. For instance, more 

HHT1 patients develop PAVMs and CAVMs, while HHT2 patients develop more hepatic 

and pancreatic AVMs and have a higher risk for PAH. Additionally, HHT2 patients seem 

to develop mucocutaneous telangiectases at an earlier age [72,111]. 
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Fervent attempts have been made in understanding the functions and expression 

of both ALK1 and ENG in physiology and the HHT pathological states, with the overall 

goal of creating efficient treatment for the disease. ENG and ALK1 are unique 

compared to TGF-β superfamily members because their expression is almost exclusive 

to ECs. Furthermore, ALK1 is expressed specifically in arterial endothelial cells [112]. 

Endoglin (ENG) 

Endoglin/CD105 is a homodimeric disulphide-linked plasma membrane receptor 

located on the human chromosome 9q34 [113] and chromosome 2 in mice [114]. 

Structurally, Eng consists of 15 exons and has a large extracellular domain. ENG has 

five glycosylation sites within its N-terminus and an O-glycan domain rich in serine and 

threonine residues near the transmembrane domain [115, 116]. ENG is conserved 

among higher mammals; however, one feature that is found only in human ENG is an 

Arginine-Glycine-Aspartate (RGD) motif that serves as a binding site for adhesion 

molecules in the extracellular matrix (ECM) [117].  The short cytoplasmic domain acts 

as a target for the TGF-β type I and II receptors [41]. 

There are two splice forms of ENG: long (L-) and short (S-ENG) forms, which differ 

in 33 amino acids (aa) in size [118]. L-ENG is a 658-aa long polypeptide, with a 47-aa 

long cytoplasmic tail. The L-ENG gene contains 15 exons, numbered 1-9a, 9b, 10-14. 

S-ENG involves the inclusion of an additional 135 nucleotides between exon 13 and 

exon 14 (effectively called exon 13A), introducing a premature stop codon that leads to 

a shortened 625-aa protein product with a 14-aa cytoplasmic tail [119]. The four 

domains of ENG are domains: a short 25-aa signal peptide domain (part of exon 1), a 

large extracellular domain (part of exon 1 through exon 13), a small 25-aa 

transmembrane domain (part of exon 13) and a 14- or 47-aa long cytoplasmic domain 
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(exons 13-14). There is also a third albeit soluble form of ENG (sENG) that lacks the 

transmembrane domain.  

ENG is predominantly expressed in all vascular endothelial cells, but has also 

been found in erythroid precursors and stromal cells of the fetal and adult bone marrow, 

syncytiotrophoblasts, hematopoietic stem cells, very low levels in smooth muscle cells, 

and monocytes [120-122]. ENG expression is high during development and is 

expressed at basal levels in quiescent ECs [123]. ENG expression is increased again 

when ECs are activated, such as in angiogenesis, inflammation, wound healing and 

vascular injury [124-126]. ENG is first expressed at E6.5 in the extraembryonic 

ectoderm, and seen at E8.5 on primitive ECs of the yolk sac. By E9.5 ENG expression 

is on all ECs (particularly in endocardium but not myocardium). By E12.5 the strongest 

expression is within capillaries, but weak in veins and intermediate arteries [126]. 

The L-ENG isoform is the dominant form within the vasculature and the form that 

is the most studied in the literature. The functional differences between L-ENG and S-

ENG have not been extensively studied. Interesting, it appears that the two lesser 

forms, S-ENG and sENG, have the same opposing/antiangiogenic response to L-ENG. 

Many studies focusing on S-ENG have been performed in vitro. The S-ENG expression 

is increased in cultured senescent human ECs and older mice, suggesting S-ENG is 

more active within the aged vasculature [127, 128]. An in vivo model by Perez-Gomez 

and colleagues, in which Eng+/- mice overexpressed S-ENG (Eng+/-;S-Eng+) via 

adenovirus, was previously characterized. It was found that the two membrane-bound 

ENG isoforms were highly co-expressed in the lungs, heart and liver. Also, 

overabundance of S-ENG could not rescue the Eng-null mice, as no surviving Eng-/-; S-
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Eng+ were found. Further supporting opposing functions between L-ENG and S-ENG, 

when injected with Lewis Lung Carcinoma cell, S-Eng+ mice developed tumors that 

were 35% smaller in weight and contained 65% less hemoglobin than control littermates 

[129]. 

ENG has received more attention lately as excessive sENG is linked to another 

pathology, preeclampsia [130]. Preeclampsia is a serious complication in 3-5% 

pregnancies and is characterized by hypertension, proteinurea, and edema [40, 131]. 

The disproportionate ratio of angiogenic and anti-angiogenic circulating factors is 

believed to be the major cause of preeclampsia [132, 133]. Sera taken from 

preeclampsic women have elevated levels of the anti-angiogenic circulating soluble 

fms-like tyrosine kinase (sFlt1) and sENG, but reduced pro-angiogenic factors like 

placental growth factor (PIGF) and VEGF [134, 135]. Additionally, the levels of sENG 

predict the severity of the disease [136-138]. A rat model of preeclampsia was created 

by injecting rats with adenovirus expression of sENG [138]. Additionally, elevated sENG 

levels are also found in cancer, atherosclerotic lesions, coronary artery disease, 

hepatitis, diabetes, biliary atresia, and sickle cell anemia [119, 139, 140].   

Functionally, ENG has been found to interact directly with either Type II or Type I 

receptors. It is believed that ENG interacts with the two different TGF-β Type I 

receptors, ALK1 and ALK5, and induces opposing angiogenic responses. ENG 

preferentially interacts and activates the pro-angiogenic response via the 

ALK1/SMAD1/5/8 signaling. Conversely, it can stimulate an anti-angiogenic response 

by inducing ALK5/SMAD2/3 signaling [141-143]. During embryogenesis, ENG 
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expression overlaps with ALK1 (especially at E6.5-13.5), TGF-β1 and TGFBR2, but not 

with ALK5, TGF-β2, nor TGF-β3 [126, 144].  

Many in vitro HHT studies have been performed using human umbilical vein 

endothelial cells (HUVECs) derived from HHT patients [145, 146]. Indeed, HUVECs 

from newborn HHT1 overall showed reduced ENG surface expression. Further studies 

also showed reduced ENG levels in the activated monoctyes and HUVECs collected 

from HHT1 patients. When cells were transfected with a mutated transcript of ENG, 

surface ENG expression was not detectable (due to a truncated protein or unstable 

mRNA transcript) [111,147]. 

There had been three independent Eng conventional mouse knockout (KO) 

models, with similar phenotypes: embryonic lethality at E10-11.5, defective yolk sac 

angiogenesis and heart development [56, 57, 148]. Analysis of the Eng-/- mice at E9.5 

revealed the KOs had abnormal vasculature and yolk sac anemia. Eng-/- embryos were 

capable of forming highly vascularized primary plexuses, but with retarded vessel 

branching. Thus, the models revealed that ENG plays a role in angiogenesis, but 

apparently not vasculogenesis. The in vivo finding corroborated with embryonic stem 

cells studies derived from one of the Eng-/- models. Perlingeiro found that Eng+/+ and 

Eng-/- embryonic stem cells expressed the same amounts of the vascular precursors 

(VE-Cadherin/FLK-1 and VE-Cadherin/TIE2), indicating vasculogenesis is not affected 

in Eng-/-. In addition, ENG expression is essential within the early hemangioblast and in 

promoting HSC specification [149]. 

Other in vivo approaches in deleting Eng in mice take advantage of the cre-loxP 

system. Recently, Mancini et al. executed complementary studies in which ENG 
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function was activated specifically within ECs or SMCs [150]. The authors created an 

expression strain of Eng (TgEngfl) by which Eng activity would be “turned on” where cre 

recombinase is located as it will remove a stop codon flanked by loxP sites within the 

construct. In order to express Eng specifically in ECs or SMCs, they used the Tie2-cre 

and Sm22α-cre deleter lines, respectively, and bred them into an Eng-/- background. 

Thus, Tie2-cre;TgEngNull expressed ENG only within ECs and Sm22α-cre;TgEngnull 

expressed ENG only in VSMCs. Both models saw a rescue of VSMC recruitment to the 

vessels, though the Sm22αcre;TgEngNull mice formed a thicker layer of smooth muscle 

layers. The study provided evidence that ENG plays a valuable role in recruitment of 

smooth muscle cells. Interestingly, activation of Eng within either cell type was not 

sufficient to rescue the Eng-/- embryos, indicating that ENG may be required earlier in 

vascular development, namely in the angioblast progenitor population. One possible 

function may be in arteriovenous identity. 

A conditional bi-floxed Eng mouse was first described in 2007 by the Arthur lab 

and brought promise of specifically deleting Eng in different cells and tissues temporally 

[103]. However, it is now too early to report any findings although several approaches 

are currently being attempted, including the projects within this chapter. The only 

published report so far of an Eng conditional (cKO) mouse is by the Arthur lab by which 

Eng was specifically ablated within ECs using a tamoxifen-inducible Cdh5(PAC)-CreERT2 

deleter line [151]. The Cdh5(PAC)-CreERT2;Eng2f/2f mice were created at postnatal day 

(PN)2 (examined at PN7) and adult mice. The Cdh5(PAC)-CreERT2;Eng2f/2f mice failed to 

develop gross AVMs or consistent HHT-like phenotypes. Though, closer examination 

revealed reduced angiogenic potential and venomegaly in adult mice. Retina 
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angiogenesis studies in the postnatal mice showed Cdh5(PAC)-CreERT2;Eng2f/2f mice 

had delayed vascular remodeling of capillary plexus, increased proliferation, localized 

AVMs, and areas of AV-shunts underwent muscularization, which may have resulted 

from the increased blood flow. 

Activin-Like Kinase Receptor-1 (ALK1) 

ALK1/ACVRL1 (Activin receptor-like kinase-1) is located on the human 

chromosome 12q11-q14. ALK1 is a TGF-β type I receptor. The Alk1 gene consists of 

ten exons (1-10), although only 9 represent the actual coding sequence as exon 1 is 

noncoding. Because it has two transcriptional start sites, there are two mRNA isoforms. 

Structurally, ALK1 has six domains: a 21-aa leader peptide (exon 2), extracellular 

(exons 2-4), transmembrane (exon 4), GS-rich (exons 4-5), serine-threonine kinase 

(exons 5-10), and a NANDOR box (within exon 10) [147, 152]. 

Characterization of HUVECs and monocytes collected from HHT2 patients 

revealed that missense mutations in ALK1 that lead to amino acid substitutions account 

for about 60% of HHT2 cases [145, 153]. Interestingly, three of the in vitro HUVEC and 

transfection studies demonstrated that not only was ALK1 still expressed on the cell 

surface, but in two ALK1 was behaving in a dominant-negative manner. However, two 

of the three HUVEC lines were derived from families at risk for developing HHT-

associated PAH, which could complicate the study and affect results. The drawback 

from the commonly used HUVECs in HHT research are the limited supplies collected 

from the newborns and that these cells are collected before any phenotypes have the 

chance to manifest. Another fundamental problem is that cell culture conditions vary 

among groups of investigators. 
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As with the Eng-/- mice, Alk1-/- are embryonic lethal at midgestation due to defects 

in angiogenesis [154, 155]. Supporting its importance in angiogenesis, a zebrafish 

model, in which Alk1 ortholog violet beauregard was suppressed, resulted in the 

formation of arteriovenous malformations (AVMs) [156]. Additional murine studies 

targeting the expression of arterial marker EphrinB2 showed that Alk1-/- mice lost this 

expression within the dorsal aorta. Interestingly, Eng-/- mice do not demonstrate this 

phenotype [154, 157]. 

Mouse Models for HHT  

One of the most striking findings from the Eng and Alk1 null mouse models was 

that  30-70% of heterozygous mice (Eng+/- and Alk+/-) faithfully phenocopied the human 

disease [57, 158]. Unfortunately, the appearance of HHT-like phenotypes in mice is as 

variable and unpredictable as the human disease. Nonetheless, most labs studying 

HHT still utilize heterozygous mice. It has been suggested that the variability in 

phenotypes may be influenced by modifier genes [159]. Bourdeau and colleagues 

showed that there were strain-dependent penetrance in Eng+/- mice, as 30%, 50% and 

70% of Eng+/- mice on pure C57BL/6, mixed, and pure 129/Ola (respectively) strain 

background developed HHT-like symptoms [160].  

The Alk1 conditional mouse was generated by the Oh lab and first described in 

2008 [64]. Simultaneously, the novel endothelial-specific cre-deleter line L1cre, in which 

cre recombinase was driven by a 9.2-kb region of the Alk1 promoter [161], was 

introduced [64]. This line is unique in that cre is active beginning late in gestation, at 

E13.5 with spotty EC-specific X-gal staining. By E15.5 there is very strong X-gal 

staining of ECs. This delay in cre is essential as it by bypasses the midgestation 

lethality of many conventional knockout models. Another unique characteristic of L1cre 
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is activity is restricted to the brain, intestine, yolk sac, and strongly in the lungs. It was 

previously reported that L1cre(+);Alk13f/3f and L1cre(+);Alk12f/2f mice consistently 

developed dilated, disorganized and tortuous vessels in the lungs, GI tract and brain 

starting at E15.5 or E17.5, respectively, and death during late gestation (by E18.5) or 

shortly after birth, at PN5, respectively (Figure 3-1). Pulmonary vessels displayed 

irregular SMC layers. When the L1cre line was used to delete Tgfbr2fl/fl and Alk5fl/fl, the 

cKO mice were unaffected, suggesting that ALK1 signals independently of TGFBR2 and 

ALK5. It further supports that ALK1 may actually signal via the BMP-driven signaling 

pathway [64].  

Further studies were done with the Alk1 conditional mice that provided more ALK1 

signaling insight. Alk1 was deleted globally in adult mice using a tamoxifen-inducible 

R26-CreER line (Alk1 iKO) [162]. Adult mice consistently showed pulmonary and GI 

bleeding. Latex vascular casting revealed evidence of AV-shunting in the lungs, with 

AVMs found in uterine vessels, in the peyer’s patch of the intestine, and within Alk13f/3f 

iKO mouse livers (Figure 3-2). When acute wounds were given in the ears and dorsal 

skin of Alk1 iKO mice, de novo AVMs formed, suggesting that a second environmental 

injury, in addition to the genetic deficiency, is sufficient to inflict AVMs (Figure 3-2). 

The underlying pathological mechanism underlying HHT is still largely unknown. 

Interestingly, the genes responsible for HHT are known, their physiological functions 

have not been clearly defined. Based on in vitro and some in vivo studies, it is assumed 

that ENG and ALK1 work in concert in a linear TGF-β/SMAD-dependent manner within 

ECs to induce angiogenesis and maintain vascular tone so reduced function of either 

receptor can lead to the vascular defects seen in HHT. However, this has not been 
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tested directly in vivo, thus we attempted to accomplish this goal by generating Eng 

cKO mouse models. 

Although, the heterozygous models recapitulate HHT-like phenotype, the vascular 

malformations are highly variable in formulation, location, and severity. The 

L1cre(+);Alk1 cKO and Alk1 iKO mice our lab previously characterized are the first 

murine models that displayed highly consistent AVMs in specific organs (among those, 

the lungs, GI tract, and brain). This affords the opportunity to test the ENG/ALK1 

signaling hypothesis by generating Eng cKO mice using the same cre-deleter lines. The 

expectation is that if these, indeed, signal in a linear fashion, the Eng cKO and Eng iKO 

mice would produce the same or overlapping phenotypes. 

Results 

Generation of Conditional (cKO) and Tamoxifen-Inducible (iKO) Eng Knockout 
Mice 

Eng-bifloxed mice were previously generated by and obtained through the Arthur 

lab. In this conditional murine model, LoxP sites flank exons 5 and 6, which are part of 

the extracellular domain of the Eng gene (Figure 3-3A). When cre recombinase is 

present, homologous recombination between the loxP site leads to the removal of these 

exons (EngΔ5-6). Consequently, EngΔ5-6 results in a frameshift in the sequence that 

introduces a premature stop codon in exon 7 when translated into protein. The 

truncated protein (consisting of the extracellular domain from exons 1-4 and part of 

exon 7) is too short be functional and assumed to not even reach the plasma 

membrane, thus is a null allele [103]. Mice were genotyped via PCR for the floxed allele 

using primers 5+6 (Figure 3-3B). There was approximately 80-bp nucleotides introduced 
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into introns 4 and 6 associated with the loxP sites, however, these did not interfere with 

normal function of the gene.  

Endothelial-Specific Deletion of Vascular Eng (L1cre(+);Eng2f/2f) were Viable 

The first Eng cKO model generated was an endothelial-specific ablation, utilizing 

the L1cre line. It was surprising that all Eng cKO (hereby designated cKO) mice were 

viable and without signs of reduced longevity or exhibiting any outward health problems, 

compared to control mice (littermates that were cre negative). Immunostaining of the 

endothelial layer with PECAM-1 (red) and the SMC layer (brown) of the vessels of the 

uterus, intestine, kidney, and liver revealed Eng cKO mice were developmentally 

indistinguishable (Figure 3-4).  

As L1cre is most active in the lungs and L1cre(+);Alk13f/3f, displayed abnormal 

pulmonary vasculature in a highly consistent manner, the pulmonary vessel 

development was compared between control and Eng cKO mice at E15.5, E18.5 and 

adult (aged 2-months or older) stages (Figure 3-5). The Eng cKO mice were 

developmentally indistinguishable from control littermates (Figure 3-5A-D’). There were 

no indications of hemorrhaging or dilated vessels at any stage (Figure 3-5). In adult 

lungs, neither the arteriole vessels no arteries exhibited any evidence of vessel dilation 

(Figure 3-5E,G,F,H). Additionally, Eng cKO pulmonary vessels developed uniform 

smooth muscle layers similar to Controls (Figure 3-5E’,G’,F’,H’).   

In a population of mice aged 4 to 15 months, hemoglobin (Hgb) levels were 

measured to indicate whether any Eng cKO mice may be bleeding internally. 

Surprisingly, almost all the Eng cKO had Hgb levels that were normal for mice (10-20 

g/dL) and to Control littermates (Figure 3-6A). Eventually, only two Eng cKO mice, at an 

older age of 15-month, displayed any visceral phenotype. Latex vascular casting of 
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lungs taken from mice aged 1.5 years showed Eng cKO mice developed proper 

pulmonary vessels (Figure 3-6B), with no signs of AVMs as in L1cre(+);Alk12f/2f (Figure 

3-1J). It should be noted that one of the two mice that measured below 10 g/dL is the 

hemorrhagic mouse. Interestingly, the two Eng cKO mice both displayed abnormal 

livers, despite L1cre not being active in the liver. In one mouse, the liver was regressed 

and some vessels were visibly infused with latex (Figure 3-4C). In control mice, the 

latex dye is not normally visible. In the second Eng cKO mouse, the liver developed 

normally, but there were five AVMs present, exemplified in Figure 3-4C’. A magnified 

view (Figure 3-4C’, inset), revealed a cluster of enlarged, dilated vessels. Only one Eng 

cKO mouse aged 15-months (one of the two mice in Figure 3-6A with Hgb levels below 

10 g/dL) exhibited local hemorrhaging at two sites in the intestine (Figure 3-6D). There 

was mild AV-shunting in few vascular beds, evidenced by incomplete penetration of the 

latex into the vein, but one telangiectasia in one hemorrhage site (Figure 3-6D’, inset). 

In Figure 3-6E, PCR analysis for the null allele was performed using the indicated 

primer set 4+6 (Figure 3-1A) on DNA extracted from various organs from control and 

Eng cKO mice. The results show that L1cre was active and exons 5 and 6 were deleted 

in the expected organs of Eng cKO mice, such as the lungs, heart, intestine, appendix, 

and uterus, but not in the liver or kidney and in any of the control organs. Reverse-

transcriptase (RT)-PCR was also done, but results were not as clear because mRNA 

was collected from whole tissues, thus the true reduction of mEng in vascular ECs may 

be difficult to detect. 
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X-gal and Immunohistochemistry Confirmed Cre was Active in ECs of Expected 
Organs  

The Eng cKO model also possesses the ROSA26 locus, which allows visualization 

of cre activity by X-gal staining. It was confirmed that cre was active in the Eng cKO 

lungs, heart, eye, brain, intestine and female reproductive organs, indicated by the blue 

X-gal precipitate (Figure 3-7I, J, M, N, O, P/P’, respectively). The Eng cKO liver and 

kidney and all Control samples were not stained blue proving cre was not active in 

these locales (Figure 3-7K-L, A-H’). Also, shown as an additional control is that lung and 

brain from L1cre(+);Eng+/2f mice were also stained blue, but not the liver or kidney 

(Figure 3-5Q,R and S,T, respectively), further establishing cre is active and restricted to 

certain organs.  

Histological analysis of X-gal stained Eng cKO lung (Figure 3-8A,A’,D) shows the 

strongest cre activity. However, because the lung used for X-gal staining was not 

inflated and the X-gal staining is so strong, it was difficult to prove in the pulmonary 

microvasculature that the EC-staining was EC-specific (compared to SMC-specific) 

(Figure 3-8A/A’, D).  Co-staining of X-gal positive cells in the uterus, and intestine with 

either PECAM-1 or SMA (Figure 3-8/B/B’,E,C/C’,F respectively), indicate cre was active 

in ECs. 

Confirmed Loss of Vascular Endothelial Eng did not Affect Vascular Development 

Immunofluorescence (IF) staining of ENG in Control and Eng cKO lungs reveal 

that ENG was overall reduced (Figure 3-9A,E). An arterial vessel was selected from 

each sample (Figure 3-9B,F) and the colocalization of ENG and PECAM-1 show that 

the number of ENG-expressing cells were reduced in Eng cKO mice compared to 

control (Figure 3-9C,G). Quantification of the colocalization rate confirmed there was a  
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~50% decrease the numbers of ECs expressing ENG in the Eng cKO mice (Figure 3-

9D,H,I). Thus, the data from the Eng cKO model surprisingly suggests that Eng cKO 

mice were largely unaffected by the late gestational loss of Eng in vascular ECs. 

Eng iKO Mice Displayed Variable Phenotypes 

The second knockout model was a global silencing of Eng in adult mice using the 

tamoxifen (TM)-inducible cre line, R26-CreER. In this line, cre is fused with a mutated 

form of the estrogen receptor and remains inactive until TM is introduced and binds to 

the mutated estrogen receptor, activating it. Furthermore, the construct is inserted into 

the ubiquitous ROSA26 locus, thus induction of cre is a global event. The Alk1 iKO 

model was created to determine what effects the loss of ALK1 in adult tissues would 

occur. A single IP injection of 2.5mg TM per 25g mouse body weight in R26-

CreER(+);Alk12f/2f (Alk1 iKO) was sufficient to induce the aforementioned AVMs and 

hemorrhaging (Figure 3-2) within 7 days of TM treatment, with death as early as 9 days, 

but 100% fatality by 21 days after TM [162]. Thus, the same dose of TM was first given 

to the R26-CreER(+);Eng2f/2f (Eng iKO-TM1) mice that were at least 2-months of age. 

Control mice were Eng2f/2f littermates, which were R26-CreER-negative, and injected with 

the same dose of TM. Surprisingly, the Eng iKO-TM1 mice were completely viable and 

did not seem affected by the loss of Eng. Eng iKO-TM1 were able to survive over 12 

month after TM injection, without overt health concerns (Figure 3-14A). The only 

noticeable outward phenotype was the appearance of abnormal vasculature in the ear 

tissue surrounding the ear identification (ID) tag commonly given to mice at the time of 

weaning (age 21 days) (Figure 3-10A). The appearance of AVMs was confirmed by 

vascular (blue) latex casting of the systemic vasculature system. The ear phenotype, 

which was seen in all Eng iKO-TM1 mice, was slow to progress as dilated vessels were 
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not noticeable until 1.5 to 2 months after TM treatment (Figure 3-10G) and worsened 

over time, as seen at 6-months (Figure 3-10E, compared to control, C).   

When further studies with the Alk1 iKO mice were done in which 2-mm holes were 

induced within the ear and dorsal skin, Alk1 iKO mice developed de novo AVMs in the 

tissue surrounding the injury site, indicating a “second-hit,” e.g. injury, environment 

change, in addition to genetic loss of Alk1 can cause AVMs (Figure 3-2G-I). However, 

when 2-mm holes were induced within the ID tag-free ear and dorsal skin of the Eng 

iKO-TM1 mice, AVMs never formed (Figure 3-10,D,F).  

In support of the slow progression of phenotype (as seen in the ID tagged ear), 

autopsies of Eng iKO-TM1 mice 1- or 2-month after TM did not reveal any abnormalities 

(data not shown). However, autopsies of 5- and 6-month post-TM Eng iKO-TM1 mice 

revealed grossly tortuous, disorganized vessels in the ovaries and appendix, but the 

phenotype appearance was not in a consistent manner. Two females were 

hemorrhaging and possessed abnormal ovarian vessels (Figure 3-10I and I’). In a 6-

month Eng iKO-TM1 case, the ovarian vessels appear to connect to the intestine 

(Figure 3-I’). In 2/6 mice the appendix show specific clusters of abnormal vasculature, 

as demonstrate in Figure 3-10J. Besides the ID-tag associated phenotype, the other 

consistent phenotype seen in mice was mild AV-shunting in the intestine, particularly in 

the large intestine (Figure 3-10K). Mice displayed cardiomegaly, shown here 5-months 

after TM (Figure 3-10L), beginning at 2-months post-TM. However, hemorrhages were 

not found as in Alk1 iKO mice. Lung hemorrhaging, often seen in Alk1 iKO mice, was 

absent in Eng iKO-TM1. Additionally, some Eng iKO-TM1/high dose mice excreted red 
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feces, indicative of blood in the feces. This would suggest internal bleeding; however, it 

was surprising that no hemorrhages were found during the necropsy.  

A question of whether the single dose of TM was sufficient to use in the Eng iKO-

TM1 was raised. Compared to other literature utilizing TM-inducible CreER lines, the 

Alk1 iKO was unique in that a single injection was enough to lead to a phentotype. 

However, the typical number and dose of injections average three to five times at 2mg 

TM [151, 163]. Thus, two to three injections of the same concentration of TM was 

administered (Eng iKO-TM2 or 3/high dose). Eng iKO-TM2 or 3/high dose had high 

mortality rates (Figure 3-14A), with mice very sickly or close to death at an average of 7 

days after the first TM injection. Eng iKO-TM2 or 3/high dose mice became hunched, 

lethargic and had scruffy fur, compared to control littermates (Figure 3-11A). Dilated 

vessels in tissue surrounding the ID tag were noticeable at 4 days after the first TM 

treatment but AVMs did not form (Data not shown), probably because death occurred 

too soon. Cardiomegaly and lung hemorrhaging were not seen in Eng iKO-TM2 or 

3/high dose mice for the same reasons (not shown). There was 3/17 mice that had an 

abnormally small liver (Figure 3-11B). The GI tract appeared to be the most affected in 

the Eng iKO-TM2 or 3/high dose mice. 6/17 mice exhibited a distended GI-tract, 

however only 3 had major general intestinal hemorrhages. All mice have AV-shunting in 

the intestines and appendix (Figure 3-11C-E). A small AVM was found in the intestine of 

one Eng iKO-TM2 or 3/high dose mouse (Figure 311-E), however, global vascular 

defects as seen in Alk1 iKO mice was not found. 

The rapid death of Eng iKO-TM2/3, but survival of Eng iKO-TM1 mice with a slow 

phenotype progression, suggests that multiple injections of TM at 2.5 mg/25 g mouse 
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BW can lead to complete ablation of Eng in all cells, not just the vasculature, which 

have detrimental effects on Eng iKO mice. Though TM can be toxic at high doses and 

2.5 mg TM/25 g BW is high compared to what is typically used, TM toxicity seems 

unlikely to be the cause of death as control mice do not die. 

Multiple Lower Doses of Tamoxifen (2.5mg/40g BW) Leads to More Consistent 
Appearances of Phenotypes 

A lower dose (2.5 mg TM/40 g body weight) was then used, with two or three TM 

injections given to mice (Eng iKO-TM2 or 3/low dose). Overall, there was an about 75% 

survival rate for either Eng iKO-TM2 or 3/low dose, with 25% dying at three weeks after 

the first TM injection (Figure 3-14A).  

As consistently seen in Eng iKO-TM1/high dose mice, the vessels in the ear tissue 

around the ear ID tag became dilated and disorganized. The progression of the 

phenotype occurred sooner, with the appearance of possible telangiectases at 12-days 

post-TM (Figure 3-12B). AVMs were clearly visible if left for longer periods, as seen at 

52 days after TM treatment (Figure 3-12C). In the wound induction studies, AVMs did 

not form around induced wounds in the Eng iKO-TM2/low dose ear, 12 days after 

(Figure 3-12E). Even at 52 days after TM treatment and 50 days after the ear punch, 

AVMs did not form; although, vessels were more disorganized and in the there may 

have been telangiectases but it was not clear (Figure 3-12F). It should be noted that the 

images represented is the most extreme case of the induced ear wound. Other Eng 

iKO-TM2 or 3/low dose ear punch mice were similar to controls.  

AVMs were never seen in wounds induced in the dorsal skin, seen here 12 days 

after wounds induction (Figure 3-12E,F). Wounds were capable of healing in the Eng 

iKO-TM3/low dose dorsal skin. A fresh wound was given 42 days later and latex 
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injection was performed 10 days later, but there were still no AVMs present. Instead 

there was an increase of microvessels around the fresh wound (Figure 3-12I). The 

highly consistent ear ID tag-associated AVMs among all the treatments in the Eng iKO 

mice mirrors the de novo AVMs that form in the wounds in Alk1 iKO mice; however, this 

phenotype arises from opposing stimuli. The ear ID tag could be considered a chronic 

stimulus and the wound can be an acute stimulus. Interestingly, as the Eng iKO mice 

did not form AVMs around the induced wounds, the Alk1 iKO mice did not form AVMs in 

the ear tag (Figure 3-2J).  

A necropsy revealed Eng iKO-TM3/low dose mice kept longer than 1.5 months 

after TM-treatment experienced cardiomegaly (Figure 3-13AB), which is more likely a 

secondary affect to internal hemorrhaging or possible hepatic vascular malformation. 

Assessment of vascular malformations by latex injection shows that that, as seen in the 

Eng iKO at all TM doses, the GI tract was affected. The appendix also shows mild AV-

shunting in all Eng iKO/low dose mice (Figure 3-13D and E), and 1/17 Eng iKO-TM3 

mouse developing an AVM in the appendix three months after TM (Figure 3-13E). The 

liver of Eng cKO was largely similar to control mice (Figure 3-13F&G), however, 2/17 

Eng iKO-TM3/low dose mice had a regressed liver (Figure 3-13H). There was varying 

degrees of, though consistent, AV-shunting within intestinal vessels compared to control 

mice (Figure 3-13J&K,I, respectively); of note, not all vascular beds were affected. 1/6 

of Eng iKO-TM2/low dose and 4/17 of Eng iKO-TM3/low dose had hemorrhages in the 

intestine (Figure 3-13J&K). Two Eng iKO-TM3/low dose mouse developed AVMs 

specifically in the peyer’s patch of the intestine (Figure 3-13J’). Interestingly, this is a 

similar finding as in the Alk1 iKO model. Eng iKO-TM2 or 3/low dose female mice 
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consistently hemorrhaged and developed AVMs specifically in ovarian vessels, but not 

in uterine vessels (as seen in Alk1 iKO mice) (Figure 3-13M). Interestingly, two Eng 

iKO-TM3/low dose males had visibly enlarged scrotums with bloody feces (Figure 3-

13O, compared to control N). The necropsy revealed the appendix had been moved in 

the scrotal area, and there was no vascular defects in the male reproductive organs, nor 

was there ever found in either Eng cKO model. As was found in the Eng iKO-TM1/high 

dose mice, there was not intestinal bleeding. However, AVMs in the rectum were 

discovered (Figure 3-13O’ magnified view in yellow box), which could account for blood 

in the feces without any signs obvious internal hemorrhaging.  

Lastly, as the vessels of the head are often affected in HHT patients, we decided to 

look the head vasculature of the Eng iKO mice. Examination  revealed that abnormally 

dilated vessels in the turbinate of Eng iKO mice (Figure 3-13R). In two mice (one 

treated 3 times, the other 2 times of TM) telangiectases were present in the gums of the 

front two lower teeth (Figure 3-13S). Using multiple injections of the lower (2.5 mg 

TM/40 g BW) dose seems the most appropriate dose, with three times injection the 

best. Though, the appearance of vascular malformations in common organs were much 

more consistent in the Eng iKO/low dose mice, the phenotype is still heterogenous in 

terms of severity and location of AVM formation.   

Hgb measurements were taken of Eng iKO-TM2 or 3/low dose mice to test for 

possible internal bleeding two to four months after TM treatment (Figure 3-14B). It was 

found that more Eng iKO-TM3/low dose (>50%) mice gave measurements around 10%, 

indicating internal hemorrhaging. In two of the mice, the feces were bright red in color, 

suggestive of blood in the feces. However, despite these findings the mice with the low 
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hgb did not display any signs of reduced health quality compared to controls or Eng 

iKO-TM2 or 3/low dose mice with hgb values within the normal range. 

The 2f-to-1f Allelic Conversion Efficiency at the Different Doses Contributed to 
the Observed Variable Phenotypes  

To test whether the variability in the Eng iKO phenotype is a true phenotype or a 

technical issue concerning the use of tamoxifen, the conversion of the conditional (2f) to 

null (1f) allele genomic copy of each allele was quantified by genomic southern blot 

(Schematic in Figure 3-15A). An Alk1 iKO southern blot was also performed to show the 

2f to 1f allele conversion in the Alk1 iKO lungs and liver to act as a comparison for the 

Eng iKO samples. There was >95% conversion in the Alk1 iKO lungs. However, the 

liver samples taken from the same mouse varied. One mouse had complete conversion 

to the null allele but the other showed ~90% conversion (Figure 3-15B). However, due 

to the high background in the former sample on the blot, this may not reflect a true 

measurement. More Alk1 iKO southern blots will need to be run.  

The single high dose of TM appeared to have the same conversion rate in the liver 

samples as the Alk1 iKO mice (Figure 3-15D). There was a general trend in that there 

was more efficient 2f to 1f allele conversion in Eng iKO mice given increasing numbers 

of TM injections. The high dose of TM effective deleted Eng, there was >75% of the 2f 

to 1f allele in all Eng iKO mice. In the triple injected mice, there was 100% conversion, 

indicating deletion of Eng in the mice (Figure 3-15D). Eng iKO lung samples will have to 

be repeated to confirm this trend, but there is indications that complete ablation of Eng 

has detrimental consequences. Organ-specific differences in TM efficiency are seen as 

gDNA from the liver has more complete 2f to 1f conversion at the equivalent dose 

compared to the lungs (Figure 3-15D,F). There a low 2f to 1f conversion rate in the 
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lungs of Eng iKO mice given the lower TM dose, which may account for the lack of 

vascular phenotype in the lungs of Eng iKO/low dose mice (Figure 3-15D). However, 

there was >50% conversion in the livers of the same mice, with >80% deletion in the 

triple injected mice (Figure 3-15F).   

Discussion 

ALK1 and ENG are assumed to work in a linear, canonical BMP-driven signaling 

pathway during angiogenesis and in maintenance of the endothelium because both 

receptors are restricted to ECs, mutations in Alk1, Eng and Smad4 are related to HHT, 

and mice heterozygous for either gene can develop HHT-like symptoms [57, 73, 75, 

105, 158, 164]. Thus, it was very surprising that the confirmed loss of Eng in ECs 

expressing ALK1 had no obvious developmental impact on Eng cKO mice. In fact, any 

vascular anomalities seen in Eng cKO mice were slow to progress as only two mice, 

aged ≥15-months, presented mild vascular anomalities in the intestine and liver. 

Interestingly, despite L1cre not being expressed in the liver, both mice display abnormal 

livers. Additionally, one mouse exhibited two intestinal hemorrhages with a few vascular 

beds showing AV-shunting at each site and only one visible telangiectasia in one site.  

This contrasts with the Alk1 cKO mice as all vascular beds are affected.  

It was even more surprising that global deletion of Eng under the same conditions 

as the Alk1 iKO model did not severely impact the Eng iKO mice. A majority (75% of 

iKO mice injected thrice with the low dose of TM) survived without any many health 

concerns. Though testing varying tamoxifen dosage and the number of injections in 

addition to the genomic southern blot quantification of the genomic copy of the null 

allele implies technical hindrances influenced the variability in the appearance of 

vascular abnormalities in the Eng iKO, the organs affected and the type of phenotype 
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seen were consistent. Additionally, though rare, similar pathologies were seen in the 

Eng cKO mice. This suggests the AV-shunting, GI hemorrhages, and AVMs that formed 

are legitimate phenotypes resulting from the loss of Eng.  

Several organs (the ear, GI tract, female reproductive system, heart, liver) were 

commonly affected in the Alk1 and Eng iKO models. There were only few cases where 

overlap seen. For example, two Eng iKO mice developed AVMs in the peyer’s patch of 

the intestine, a structure in which Alk1 iKO mice commonly form AVMs. However, in 

many cases the phenotype seen differed in severity, location, and in response to a 

stimulus. In the ear, AVMs formed in the tissue surrounding the ear ID tag, but not when 

a wound was given in the untagged ear (nor dorsal skin); Alk1 iKO mice formed de novo 

AVMs around the wound site. In the female reproduction system, it is quite curious that 

the ovary and uterus is specifically affected in the Eng iKO and Alk1 iKO model, 

respectively. The Alk13f/3f iKO liver often exhibits AVMs however Eng iKO livers did not 

consistently form the hepatic abnormalities. These discrepancies indicate there may be 

disparate pathological mechanisms underlying HHT1 and HHT2. 

One possible contributing factor to the difference in phenotypes in the Alk1 and 

Eng iKO models is in the expression of ALK1 vs. ENG. ALK1 is more specifically 

expressed on arterial ECs while ENG is on all vascular ECs and in circulating 

endothelial cells (CECs), such as EPCs and HSCs. Additionally, it was previously 

reported in expression studies that in the pulmonary vasculature, ALK1 and ENG 

overlap only in the distal arterioles, venules and capillary bed [165]. In the L1cre line cre 

is active in arterial ECs, but as Eng is also expressed on vein ECs, loss of arterial Eng 

may not have as a severe affect as Alk1 loss. Also, the milder phenotype in Eng cKO 
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mice may be CECs expressing ENG may be compensating for the loss of vascular Eng 

[166]. 

The variable phenotypes seen support the finding that genetic loss alone of either 

Eng or Alk1 is not always sufficient for the formation of AVMs.  In the previous studies 

utilizing heterozygous mice, local treatment with VEGF, induction of repeated 

mechanical stress with magnets, and induced inflammation have lead to the formation 

of AV-shunting and abnormal vessels [167-170]. The preferential formation of AVMs in 

response to chronic vs. acute stimulus (the ear ID tag vs. induced wound) in the Eng 

and Alk1 iKO models, respectively, strongly indicate Eng-deficient ECs may form AVMs 

in response to an increase in local inflammation at the injury site, while AVMs in Alk1-

deficient ECs may form in response to an increase in pro-angiogenic 

factors/angiogenesis at the site of injury. The finding that inflammation may contribute to 

AVMs is supported by previous findings in that vascular lesions often form at sites of 

inflammation in Eng+/- mice (both secondary to spontaneous bleeding in the GI tract, 

eye or ear and induced by dextran sulfate in the intestine [169, 171]. It is believed that 

monocyte infiltration at the site of injury and the presence of certain cytokines, such as 

tumor necrosis factor-α (TNF-α), may help induced AVMs, possibly by removing 

vascular ENG [151]. Additionally, the Letarte group proposed that Eng is important in 

regulating endothelial nitric oxide synthase (eNOS) and that loss of Eng leads to 

increased superoxide production, instead of nitric oxide [172]. This inflammatory 

response has not been tested or confirmed in Alk1+/- mice. There is evidence that the 

activation of angiogenesis in Alk1-deficent conditions may is sufficient to lead to AVM 

formation. It was seen that treatment of Alk1+/- brains with VEGF was sufficient to cause 
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dysplasia [167]. In comparing to HHT patients, there has been no study focusing on 

how specific or equivalent stimuli in humans, e.g. piercings, affect HHT patients. 

Although, there is a mention that a volleyball player had a large number of 

telangiectases on the tips of their fingers, indicating repetitive stress leads to 

telangiectasia formation, but a clear relationship to genotype has not been determined 

[100].   

The organs affected in the murine models are the same organs affected in HHT 

patients (discussed in detail in Chapter 1), establishing the importance ALK1 and ENG 

within the vasculature of these organs. One of the most striking findings is the lack of 

any phenotypes in the lungs in either Eng ablation models, even though Alk1 cKO 

models consistently do and there are higher incidences of PAVMs found in HHT1 

patients [64, 162]. The lack of phenotype in the pulmonary vasculature was also seen in 

another, albeit endothelial-specific (using Cdh5(PAC)-CreERT2), Eng iKO. This may be 

explained, in part, from the genomic southern results in that there was low 2f to 1f 

conversion in Eng iKO/low dose mice. However, there is lack of any reported evidence 

of PAVMs in any Eng or Alk1 heterozygous mice. The main reported pulmonary 

phenotype in adult Eng+/- mice was truncated pulmonary vasculature. It was previously 

suggested that this may due to the shorter pulmonary branches in mice [165], thus 

indicating a limitation in using mice as true model for HHT. 
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Figure 3-1. L1cre(+);Alk12f/2f mice developed AVMs in the brain and lungs and were 
lethal by PN5. A) Overview of control brain vessels at PN5. B) Overview of 
PN5 control brain vessels after latex vascular casting. In the adjacent panel, a 
magnified view shows very fine microvessels in which the latex remained 
within arterial vessels. C) Overview of PN5 mutant shows grossly dilated 
vessels in the brain. D) Latex vascular casting revealed AV shunting and 
formation of AVMs in cerebral vessels, as evidenced with latex within the 
veins. E) Control PN5 lung. F) Magnified view of PN5 control pulmonary 
artery and vein. G) Latex vascular casting shows proper pulmonary vascular 
development and fine branching of vessels. H) PN5 Alk1 cKO lungs were 
hemorrhagic and showed obvious vascular defects throughout the lung 
(exemplified by white arrows). I) Close-up up a dilated and disorganized PN5 
Alk1 cKO pulmonary artery and vein. J) Latex vascular casting revealed 
improper vascular branching of pulmonary vessels and large area AVMs 
(magnified in inset). K) Histological view of PN5 control lung. L) Histological 
view of PN5 Alk1 cKO lung revealed blood cells throughout the tissue, not 
properly contained in vessels (denoted by asterisks). A, artery; V, vein; H, 
heart; LPa, left pulmonary artery, RPa, right pulmonary artery; LPv, left 
pulmonary vein. 
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Figure 3-2. Global deletion of Alk1in adult mice resulted in phenotypes in the lungs, liver, heart, 

uterus, and in areas surrounding induced wounds, and death within 21 days after 
Tamoxifen introduction. A) Alk1 iKO mice GI tracts were hemorrhagic. Latex vascular 
casting showed signs of AV shunting. B) Alk1 iKO mice developed cardiomegaly. C) 
Alk13f/3f iKO mice, hepatic AVMs developed (denoted by white arrow). D) The uterine 
vessels (purple arrows) were severely impacted in Alk1 iKO females. E) Interestingly, 
the vascular malformations were restricted to uterine vessels. (white box) magnified 
view of uterine wall shows AV-shunting and dilated vessels in all vascular beds. 
(purple box) However, the ovarian vessels are not affected. F) A second example of 
the Alk1 iKO female reveals the generalized uterine vascular malformations are 
consistent (white box). (Purple box) Though it appears the ovarian vessels appear 
affected, a magnified view shows that AVMs are present on the ovarian bursa, not 
within the ovary itself. G) Latex vascular casting of unwounded Alk1 iKO dorsal 
shows no AVMs developed; however, de novo AVMs did arise after wound induction 
(H). I) AVMs formed in wound-induced ears of Alk1 iKO mice. J) AVMs did not form 
in Alk1 iKO ear tissue surrounding the ear ID tag. Scale bar denotes 3 mm. A, artery; 

V, vein. 
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Figure 3-3. Schematic diagram of the Eng2f conditional allele and subsequent deletion 
of exons 5-6 in the presence of cre. A) When in the presence of cre 
recombinase, homologous recombination between the loxP sites results in 
the loss of exons 5 and 6. Consequently, the null allele would be translated 
into a truncated, nonfunctional protein because a frameshift in the sequence 
in exon 7 would lead to a premature stop codon. B) Mice were PCR 
genotyped for the presence of the bifloxed allele using the primers 5+6. If the 
loxP site was present, PCR produced a product 490-bp. Otherwise the wild-
type allele would have a 420-bp product. 
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Figure 3-4. L1cre(+);Eng2f/2f (Eng cKO) mice were viable and vasculature in various 
organs were comparable to controls. Immunostaining of the endothelial layer 
with αPECAM-1 (red) and smooth muscle layer with αSMA (brown) of adult 
(aged 2-months) Eng cKO mice were capable was developing proper vessels. 
A) PECAM-1 staining of Control uterine vessels. A’) SMA stain of Control 
uterine vessels. B, B’) Eng cKO uterine vessels. C,C’) Control uterine vessels. 
D, D’) Eng cKO intestine. E, E’) Control kidney. F, F’) Eng cKO kidney. G, G’) 
Control liver. H, H’) Eng cKO liver. G, glomerulus. 
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Figure 3-5. Eng cKO lung vasculature was comparable to controls at various stages of 
development and adult mice. L1cre is highly active in the lungs so more 
attention was given to this organ. αPECAM-1 and αSMA revealed 
comparable pulmonary vasculature in Eng cKO mice to Control littermates. A, 
A’) E15.5 Control lungs. B,B’) E15.5 Eng cKO lungs. C,C’) E18.5 Control 
lungs. D,D’) E18.5 Eng cKO lungs. E,E’) Examination of the alveolar region of 
the adult Control lung. F,F’) Alveolar region of adult Eng cKO lungs. G) 
Control lung bronchiole and artery. H) Eng cKO pulmonary bronchiole and 
artery. Art, arteriole; A, artery; Br, bronchiole. 
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Figure 3-6. Only two old (15-month) Eng cKO mice displayed any vascular phenotype. 

A) Hemoglobin (Hgb) levels measured in adult mice (>4-months) show the 
majority of Eng cKO mice had Hgb levels within the normal range, thus not 
experiencing internal hemorrhaging. One of the Eng cKO below 10 g/dL Hgb 
is the mouse represented in (D). B) Latex vascular casting of 15-month old 
Eng cKO mouse revealed properly formed pulmonary vasculature, with no 
signs of hemorrhaging or AVMs. C) The lobe of one Eng cKO liver was 
regressed and the visibility of the blue latex suggests vascular malformations; 
however, this has yet to be confirmed. C’) The second Eng cKO liver 
developed normally overall. However, 5 AVMs were found, exemplified by the 
white arrow.  D) One Eng cKO mouse exhibited two focal hemorrhages in the 
GI tract (purple arrows). D’) Latex vascular casting revealed mild AV-shunting 
in a few, not all vascular beds. (inset) One clear AVM was found that may 
have been the source of one hemorrhage site. E) PCR for the null allele using 
primers 4+6 produce a 550-bp product if the null allele was produced. 
Otherwise the PCR would be too large and unstable to produce. Testing for 
the null allele in various organs confirmed Eng was deleted in the lung, heart, 
intestine, adrenal gland, spleen, appendix and uterus, but not in the liver and 
kidney of Eng cKO mice. Control mice, which lack L1cre, did not produce any 
bands, indicating the null allele was not present. 
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Figure 3-7. As the mice also contained the ROSA26 gene, X-gal staining of various 
organs was performed to confirm L1cre was active in expected organs. 
Control A) lung, B) heart, C) liver, D) kidney, E) eye, F) brain, G) intestine, 
and H) female reproductive organ were not stained by X-gal, confirming the 
absence of cre. Cre activity was visualized in Eng cKO as I) lung, J) heart, M) 
eye, N) brain, O) intestine, and P) female reproductive organs were stained 
blue with X-gal. As expected the K) liver and L) kidney were not stained. X-gal 
staining of select L1cre(+);Eng+/2f organs show the same expected X-gal 
staining trend. The Q) lung and T) brain stained blue, but not the R) liver or S) 
kidney. 
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Figure 3-8. Histological evaluation of X-gal stained Eng cKO organs confirm cre was 
active specifically in ECs. The strong X-gal staining indicates that L1cre is 
highly active in the lung. As this is an uninflated lung section and the X-gal 
staining is so strong in the lung, it is difficult to differentiate between EC (A) 
and SMC (A’) layers. D) X-gal is specific to the endothelium as the SMCs are 
not stained blue in the represented arteriole vessel. B, B’) PECAM-1 and 
SMA staining of uterine vessels show L1cre is active in ECs. E) Another view 
of a uterine vessel reveals EC-specific X-gal staining. C,C’) PECAM-1 and 
SMA staining of intestinal vessels reveal EC-specific X-gal staining. F) 
Another example of the Eng cKO intestinal vessel. A, artery; Art, arteriole. 
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Figure 3-9. Colocalization staining of PECAM-1 and ENG. The number of ECS 
expressing ENG were reduced in adult Eng cKO lungs. Overview of a lung 
cross section shows αENG expression was reduced in Eng cKO mice (E) 
compared to Control littermates (A). An arterial vessel was selected from the 
Control (B) and Eng cKO (F) lungs and magnified. Colocalization between 
PECAM-1 and ENG were compared (denoted by white pixels, C, G) and 
quantitated. D,H) graphical representation of colocalization rate (area 
between two straight lines) confirmed that the number ECs expressing ENG 
was reduced in Eng cKO. I) Numerical representation show there was ~50% 
colocalization in the Eng cKO mice. 
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Figure 3-10. Eng iKO mice given a single IP injection of high dose TM were viable and 
phenotypes developed much more slowly than Alk1 iKO mice. A) The only 
obvious phenotype was the development of telangiectases in ear tissue 
surrounding the ear ID tag, shown here 6-months after tamoxifen treatment. 
B) Latex injection of control uninjured ears act as control of how the latex dye 
does not readily enter the microvasculature of the ear. C) Vascular latex 
casting of the systemic vessels after 6 months demonstrates many defined 
microvessels in the ear tissue surrounding the ear tag. E) Conversely, dilated, 
tortuous vessels and AVMs were seen in Eng iKO-TM1/high dose mice. G) A 
noticeable dilation of vessels surrounding the tagged-ear tissue was slow to 
progress, with the abnormal vessels visible by 2-months. D) Control and F) 
Eng iKO-TM1/high dose mice given a 2-mm wound in the untagged ear did 
not develop AVMs. H) Control female reproductive organ after latex. Latex 
casting displayed gross vascular defects in the ovaries and fallopian tubes, 
but not uterus, in females 5-months (I) and 6-months (I’) after TM. Though 
AV-shunting was commonly seen in the appendix (J) and intestine (K), there 
were two Eng iKO-TM1/high dose mice that demonstrated severe AVMs in 
the appendix. Eng iKO-TM1/high dose collected more than 2-months after TM 
displayed cardiomegaly (L). 
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Figure 3-11. Eng iKO-TM2 or 3/high dose died within seven days of treatment. A) Eng 
iKO-TM3/high dose mice were lethargic, hunched, and in some cases close 
to death by day seven after TM. B) 3/17 Eng iKO-TM3/high dose mice had 
abnormal livers. C,D,E) Eng iKO-TM3/high dose mice often displayed 
distended intestines, and in some case, not all, hemorrhaging and AV 
shunting. (inset of D) Magnified view of vessels revealed dilated arteries and 
veins, in addition to massive AV-shunting, but no obvious vascular 
malformations. E) A small AVM in the intestine was found in one mouse. 
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Figure 3-12. Eng iKO mice given two to three low doses of TM developed the same 
pattern of vascular lesions in a shorter time period. A) Fine microvessels 
properly form in control ID-tagged ear tissue. B) Eng iKO-TM2, low dose mice 
were capable of developing dilated, tortuous vessels by twelve days after TM 
treatment. C) Eng iKO-TM3/low dose mice displayed gross AVMs in 52 days 
in a similar manner of Eng iKO-TM1/high dose mice. No AVMs developed in 
control ear punch (D) nor skin wound (G), Eng iKO-TM2, low dose ear punch 
(E) nor skin wound (H), or Eng iKO-TM3/low dose ear punch (F) nor skin 
wound (I). Although, there appears to be mild telangiectases in the Eng iKO-
TM3/low dose ear punch (magnification of F). It should be noted that images 
are representations of the most extreme phenotypes. Other Eng iKO, low 
dose do not show this phenotype. * Asterisks denote wound site. 
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Figure 3-13. Eng iKO-TM2 or 3/low dose developed vascular phenotypes in more 
consistent manner but with variable severity. Eng iKO/low dose mice 
developed cardiomegaly (B), as compared to A) control littermates. The 
appendix (C-E), liver (F-H), GI tract (I-K), female (L-M) and male (N-O) 
reproductive organs, and head vessels (O-S) were affected in Eng iKO/low 
dose mice. C) Control appendix. D) In many cases, there was mild AV 
shunting in the appendix of Eng iKO/low dose mice. E) 1/17 Eng iKO-TM3, 
low dose mice developed an AVM 3-months after tamoxifen. In many cases, 
the G) iKO-TM2/3/low dose livers were similar to F) controls. H) However, 
2/17 iKO-TM3, low dose livers were regressed. I) Control liver, with peyer’s 
patch present. J-K) Varying degrees of multifocal AV-shunting was found in 
all Eng iKO/low dose mice intestines. K) In 2/17 Eng iKO-TM3/low dose mice, 
AVMs developed specifically within the peyer’s patch. L) Control female 
reproductive organ. M) AVMs developed specifically in ovarian, not uterine 
vessels of all Eng iKO/low dose females. N) Control scrotum, with 
measurement from penis to anus. O) Eng iKO-TM3/low dose scrotum is 
visibly larger. O’) Latex vascular casting revealed AVMs in the rectum 
(magnified view in yellow box). P) Anatomy of the control head. Q) Control 
turbinate has picked up some latex. R) Two examples of Eng iKO/low dose 
mice that developed AVMs within the turbinate. S) 1/17 Eng iKO-TM3/low 
dose mouse developed vascular malformations in gums. 
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Figure 3-14. Kaplan-Meier survival curve for each Eng iKO treatment and Hgb 
measurement of Eng iKO/low dose mice. A) A summary Kaplan-Meier 
survival curve for each Eng iKO treatment. Controls were pooled together as 
there was no difference in longevity in response to TM among the Control 
groups. B) Hgb levels in Eng iKO-TM2 or 3/low dose and Controls were 
compared 2 to 3 months after TM treatment. Interestingly, it was observed 
that despite having low Hgb counts in a few Eng iKO-TM3/low dose mice, not 
all presented any overt health concerns besides the appearance of white 
paws. 
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Figure 3-15. Testing efficiency of conversion of the 2f to 1f allele conversion between 
the different TM treatments in Eng iKO mice to Alk1 iKO mice. A) Schematic 
for genomic southern blot of Eng. The gDNA was digested with BamHI 
(denoted by black lines). A probe was generated that would recognize any 
fragments containing exons 7-8. For the 2f allele, the probe would recognize 
a 4.1-kb fragment. For the 1f allele, a 3.4-kb fragment would be detected. B) 
Southern blot of Alk1 iKO lung and liver samples provides a comparison point 
of the efficiency of the Alk1 2f to 1f conversion with the single high dose of 
TM. C) Genomic PCR using primers 5+6 (floxed allele) and 4+6 (1f allele) 
was done to confirm the genotype of each sample used. At least three 
samples each of Controls and each TM treatments were collected. The lung 
and liver were tested. D) Southern blot of Eng iKO/low dose lungs with 
graphical representation of quantification of the 2f to 1f allele from each 
sample. Multiple injections of the low dose do not appear to effective convert 
the 2f to 1f allele, which may explain the lack of pulmonary phenotype. E) The 
use of the higher dose of TM leads to >75% conversion to the 1f allele in the 
liver. F) TM appears to be much more effective in the liver overall as there is 
a higher 2f to 1f conversion rate in liver samples taken from the same Eng 
iKO/low dose mice as in C. Additionally, increasing the number of injections 
lead to higher conversion rates. 
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CHAPTER 4 
SPATIOTEMPORAL ROLE OF ENDOTHELIAL TGF-β SIGNALING DURING 

DEVELOPMENT 

In early studies and for a long time, investigations on the TGF-β signaling 

mechanism in ECs have focused on the interaction between the type I receptors, ALK1 

and ALK5 [148, 155]. This relationship is of interest to those in the HHT field, despite 

there never being a connection between ALK5 and HHT, because there was a belief 

that an aberrant balancing act between ALK1 and ALK5 within ECs contributed to the 

development of HHT lesions. However, we previously provided evidence that ALK1 

signaling is independent of ALK5 and, more surprisingly, TGFBR2 as mice in which 

Tgfbr2 and Alk5 were ablated using the EC-specific L1cre line were viable [64]. The 

indication that ALK1 signaling is separate from the TGFBR2, and instead prefers BMP 

signaling [65, 66], raises the question of whether TGF-β superfamily ligands are the 

physiological ligands for ALK,1 as previously believed. It was quite curious that the cKO 

mice were seemingly completely unaffected by the loss of Alk5 and Tgfbr2 within the 

ECs. Thus, another question that arises is whether different TGF-β signaling members 

actually have spatiotemporal roles during embryogenesis, particularly in the 

endothelium. To examine this we investigated the mechanism of cerebrovascular 

development.  

Neurovascular Development  

Along with the vasculature, the neural system is one of the first organ systems to 

develop in vivo [173]. The development of the neurovasculature is driven solely through 

angiogenesis. It was initially believed that angiogenesis in the central nervous system 

(CNS) was a passive process, in which vessels develop in response to the needs of the 

developing brain. However, there is mounting evidence suggesting that CNS 
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angiogenesis is indeed a dynamic process [173]. Additionally, although it is accepted 

that there are overlapping transcription factors that regulate both neurogenesis and 

CNS angiogenesis, it is still unknown whether neuronal development and cerebral 

angiogenesis occurs independently. There are two categories of brain vessels: the pial 

vessels (which develop into the venous sinuses) and the periventricular vessels (the 

arterial networks). Pial vessels are present more widely throughout the brain at E9, 

whilst periventricular vessels are the dominant vessels within in the 

telencephalon/forebrain region [174]. For this study the periventricular region is of 

interest. Within the telencephalon, EC migration of periventricular vessels begins 

directionally from dorsal to ventral then lateral to medial (Figure 4-7D, top image). This 

mechanism is still largely unknown, thus we sought to see whether endothelial TGF-β 

signaling pathway may be involved.   

Nishimura reported from in vitro studies that paracrine astrocyte-EC signaling was 

essential in maintaining vascular integrity. Specifically, they found that the integrin αvβ8 

expressed on astrocytes were responsible for activating the latent TGF-β ligand, which 

then induce TGF-β signaling on ECs in order to regulate various angiogenic 

downstream targets [175]. However, this has yet to be confirmed in vivo. 

Integrin Activation of TGF-β Subfamily Ligands  

Synthesis and activation of the TGF-β subfamily of ligands is a tightly regulated 

process [176, 177] (Described in detail in Figure 4-1). As mentioned, TGF-β are initially 

secreted as latent proteins bound by the LAP that may be deposited in the ECM until 

released, typically in a context and tissue dependent manner. There are several modes 

by which the TGF-β may be freed. Environmental changes, such as heat and pH 

changes, have been shown as examples [178]. Thrombospondin-1 (Tsp-1) is a major 
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proteolytic activator of the ligand. Tsp-1 acts by binding the LAP, causing a 

conformational change in the LAP that forces it to lose its hold of the TGF-β ligand. 

Integrins are also well known TGF-β ligand activators [178]. 

Integrins are heterodimeric receptors that contain noncovalently associated α-

subunit and β-subunits. In mammals, the combinations of eighteen identified α-subunits 

(α1-9, IIb, D, E, L, M, R, V, X) with eight different β-subunits (β1-8) make up at least 24 

different integrins [179]. Integrins activate the ligands by recognizing and binding to 

specific Arginine-Glycine-Aspartate acid (RGD) sequences found within the LAP. With 

the integrin bound, the LAP is removed from the TGF-β ligand by cleavage or a 

conformational change [179, 180]. TGF-β2 lacks the RGD sequence, thus integrin-

mediated activation is relevant only for TGF-β1 and TGF-β3 [178].  

Functionally, integrins are involved in a variety of cellular processes, most notably 

cell adhesion, but has been found to be important in angiogenesis as some are found, 

particularly αv, to be upregulated during angiogenesis in vivo. Of the 24 types of 

integrins identified, eight have been associated with endothelial cells [180, 181]. Two 

classes of embryos were found from conventional knockout models of αv (itgav-/-) and of 

integrin αvβ8 (itgb8-/-) [182, 183]. The majority (~80%) of Class I embryos from each 

knockout model died at midgestation. The remaining 20-30% of embryos developed 

cerebral hemorrhaging starting around E10-12. These mice were born with brain 

hemorrhages and cleft palates (as previously reported in Tgfb3-/- mice [184]) and died 

shortly after birth. A double knockout of the TGF-β1 and β3 (Tgfb1RDE/RDE/Tgfb3-/-) 

ligands resulted in similar cerebral hemorrhaging within the forebrain at midgestation. In 

this model the aspartic acid of the TGF-β1-LAP RGD sequence was changed to 
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glutamic acid and the TGF-β3 was a conventional KO. The recurrent cerebral 

hemorrhaging seen in the general knockouts suggests TGF-β signaling via integrin-

mediated activation of the TGF-β1 and TGF-β3 ligands is vital for proper neurovascular 

development, particularly in the periventricular vessels [185]. Additionally, the period 

when the phenotype was seen in the various models from E10.5-13.5, indicates this 

action occurs specifically during midgestation. Furthermore, conditional knockout 

models of itgav and itgb8 showed αvβ8 expressed on the neuroepithelium (deleted 

using Nestin-cre and GFAP-cre), not ECs (deleted using Tie2-cre), are required [186, 

187]. More recently, a conditional murine knockout model of Tgfb3-cre;Alk5fl/fl was 

characterized in which the authors reported cerebral hemorrhaging in embryos. 

However, is not clear when the cerebral hemorrhaging first appeared in the Tgfb3-

cre;Alk5fl/fl as E14.5 was the earliest reported stage [188]. Though, the phenotype 

correlation among the models strongly indicates that neural αvβ8 is involved in 

establishment of cerebral vasculature by activating the TGF-β ligands, it is not clear if 

the mechanism continues onto another neuroepithelial cell or another cell type. 

Furthermore, the consistent and close timing of the specific phenotype occurring during 

late-mid gestation also suggests that this establishment is essential during a specific 

time period.   

Thus, we tested in vivo whether paracrine astrocytic integrin activation of TGF-β 

signaling on ECs during midgestation is essential for proper cerebral vessel 

development. We focus more downstream of the TGF-β pathway, on TGFBR2 and 

ALK5, and expect that deleting each from ECs at midgestation would result in the same 

cerebral hemorrhaging. 
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Results 

Characterization of an Endothelial-Specific Alk1-cre Knock-in Line 

TGFBR2 and ALK5 are involved in a variety of cellular processes and expressed 

on many cell types. There have been previous reports of conditional murine knockouts 

wherein each receptor has been ablated from ECs using different EC-specific cre 

deleter lines. Tie1-cre;Alk5fl/fl and Tie1-cre;Tgfbr2fl/fl recaptitulated the null phenotypes 

[55, 177]. Although, these models may not reflect the true role of ALK5 and TGFBR2 in 

ECs or angiogenesis because cre activity in the Tie1-cre line begins around E8 [189], 

which is before any embryonic vascular events commence at E8-9. We previously 

described mouse models in which Alk5 and Tgfbr2 were deleted in ECs using the L1cre 

line, in which cre is driven by a 9.2-kb region of the Alk1 promoter. In this line cre is 

active beginning at late gestation, at E13.5. The knockout mice were viable and 

seemingly unaffected by the loss of either receptor in the ECs, but the lack of phenotype 

could be due to the late cre activity. The use of Tie2-cre, in which cre begins by E8.5 

[190], yielded variable results. Tie2-cre(+);Alk5fl/fl mice were able to survive past 

midgestation; however, the Tie2-cre;Alk5fl/fl mice displayed cardiac edema that resulted 

in cardiac failure and death by E13.5 [191].  As for Tie2cre-Tgfbr2fl/fl embryos, 65% 

mimicked the conventional KOs, and the remaining ~35% that survived past 

midgestation were phenotypically indistinct from control littermate up to E12.5, but by 

were embryonic lethal by E13.5. The authors reported, but did not show, that mutant 

embryos were edemic and hemorrhagic, and stated the cause of death was presumably 

“cardiovascular insufficiency” [192].  More recently, the tamoxifen-inducible endothelial-

specific VE-Cadherin (Cdh5(PAC)-CreERT2) line was used to delete Tgfbr2fl/fl at E11.5, 

which resulted in embryonic lethality between E15-18 due to cardiac defects [193]. 
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Interestingly, the authors of the Tie2-cre and Cdh5(PAC)-CreERT2-mediated ablation 

models discussed cerebral hemorrhaging, however, did not further elaborate on the 

phenotype as the studies focused more on cardiac development [151, 191, 193]. 

To assess the importance of TGFBR2 and ALK5 on ECs during midgestation as 

well as resolve timing issues related to the activation of cre, we generated and used a 

novel EC-specific cre knockin line (Alk1GFPcre), in which a GFPCre fusion gene was 

inserted into the Alk1 locus (Figure 4-2A). The GFPcre cassette is inserted into intron 3 

and replaces exons 4-8. Cre is still expressed in Alk1-expressing endothelial cells 

because a 9.2-kb region of the Alk1 promoter, up to exon 2, is sufficient to drive Alk1 

expression. In the Alk1GFPcre line, cre is expressed beginning at E9.5 in a patchy manner 

throughout the embryo (Figure 4-1B), including the head (Figure 4-2B’). Cre expression 

is drastically increased at E10.5 and active in ECs of all organs (Figure 4-1C), in a 

similar fashion to previously reported Alk1 expression studies. Further analysis of 

transverse sections of the X-gal stained head revealed Alk1GFPcre revealed cre was 

active in ECs invading the neuroepithelium (Figure 4-1D and D’). 

Endothelial-Specific Deletion of Tgfbr2 and Alk5 Resulted in Cerebral 
Hemorrhaging Beginning at E11.5 and Embryonic Lethality by E15.5 and E14.5, 
Respectively 

It has been reported that itgb8-/- embryos that survived to birth, Tgfb1RDE/RDE;Tgfb3-

/- embryos and surviving itgav-/- embryos exhibited specific cerebral hemorrhaging within 

the ganglionic eminence (GE) during late-mid gestation, indicating a vital role of TGF-β 

signaling in proper development of the neurovasculature. Furthermore, it was shown 

that specifically deleting Itgb8 and itgav in ECs, using Tie2-cre, did not result in any 

vascular defects, but doing so in the neuroepithelium, using Nestin-cre, did. This 

suggests that αvβ8 and αv-integrins within ECs are not essential in cerebrovasular 
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development. However, it is not clear whether the activated ligand binds to another 

neuronal or a vascular cell. When our collaborators, the McCarty lab in Texas, used 

Nestin-cre to ablate Tgfbr2 in neuroepithelial cells, Nestin-cre(+);Tgfbr2fl/fl mice survived 

with no obvious phenotypes or other developmental defects, forgoing the possibility that 

another neuronal cell is involved (Data not shown). Conversely, when Tgfbr2 or Alk5 

was silenced in ECs, there were no live Alk1GFPcre;Alk5fl/fl(Alk5 cKO) nor Alk1GFPcre; 

Tgfbr2fl/fl (Tgfbr2 cKO) pups were born, indicating these were embryonic lethal. Embryos 

were collected at embryonic day (E)10.5, E11.5, E13.5, E14.5, E15.5, and E18.5 to 

determine whether the cerebral hemorrhaging occurred and when, as well of time and 

possible causes of death. 

At E10.5, Tgfbr2 and Alk5 cKO embryos were indisintguishable from control 

littermates (Figure 4-3A,B). It should be noted that controls were littermates that lack the 

Alk1GFPcre;Alk5+/fl or Alk1GFPcre;Tgfbr2+/fl. At E11.5 all Alk1GFPcre;Tgfbr2fl/fl and 

Alk1GFPcre;Alk5fl/fl exhibited cerebral bleeding within the forebrain region (Figure 4-3C,D). 

The hemorrhaging remained largely within defined areas of the brain likely the GE and 

midbrain then progressively worsened during gestation. Interestingly, hemorrhages 

were only seen in the central nervous system (CNS), and no other organs appeared to 

be affected. By E13.5 the head of Alk1GFPcre;Tgfbr2fl/fl embryos were edemic (Figure 4-

3E). Alk1GFPcre;Alk5fl/fl mice died a day earlier but did not exhibit the same level of edema 

as Alk1GFPcre;Tgfbr2fl/fl embryos (Figure 4-3F). Additionally, the chest cavity of 

Alk1GFPcre;Alk5fl/fl embryos appeared distended, suggesting Alk1GFPcre;Alk5fl/fl may have 

had cardiac defects. Alk1GFPcre;Tgfbr2fl/flembryos died by E14.5, with littermates 

undergoing various stages of death, from having very faintly beating hearts and close to 
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death or already dead and undergoing desorption (Figure 4-3G). There was bilateral 

cerebral bleeding in the cKO models starting at E11.5 (Figure 4-3H) and the bilateral 

bleeding also worsened over time, represented here at E13.5 (Figure 4-3I). In some, not 

all, Alk1GFPcre;Tgfbr2fl/fl and Alk1GFPcre;Alk5fl/fl embryos, hemorrhages were seen along 

the spinal cord (Figure 4-3J and K). 

Alk1GFPCre;Tgfbr2fl/fl and Alk1GFPcre;Alk5fl/fl Embryos Form Glomeruloid-like 
Vascular Structures in the Ganglionic Eminence 

H&E staining and PECAM-1 (red) staining for ECs of transverse sections of the 

E10.5 embryonic head revealed that Tgfbr2fl/fl and Alk5fl/fl cKO embryos (a 

representative cKO section shown in Figure 4-4B and B’) developed proper vessels 

comparably to control littermates (Figure 4-4A and A’). By E11.5 H&E staining shows 

the heads of Alk1GFPcre;Tgfbr2fl/fl and Alk1GFPcre;Alk5fl/fl have perforations within the GE 

(Figure 4-4G and K), as compared to the control (Figure 4-4C). Interestingly, PECAM-1-

staining revealed that vascular endothelial cells were clumped into glomeruloid-like 

structures, which are not seen in control littermates (Figure 4-4D)  in both 

Alk1GFPcre;Tgfbr2fl/fl and Alk1GFPcre;Alk5fl/fl models (Figure 4-4H and L). The aggregate of 

EC cells suggest the lack of proper EC migration. The aberrant vessel development 

appears to be specific to the neuroepithelium as the vessels lying just outside the 

neuroepithelial tissue are not dilated (Figure 4-4I and M) and are comparable to the 

control vessels (Figure 4-4E). At E11.5 the neurovasculature appears to be the only 

organ system to be affected as the heart and lungs develop as control littermates 

(Figure 4-4F, J, and N). 
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Alk1GFPCre;Tgfbr2fl/fl Embryos Die by E14.5 with CNS-Specific Vascular Defects, 
but all Other Organ Systems are Largely Unaffected 

H&E stained sections of E13.5 heads confirmed much of the hemorrhages within 

Alk1GFPCre;Tgfbr2fl/fl embryos were around the abnormal GE and telencephalon. The 

fourth and third ventricles of the brain were grossly distended (Figure 4-5B). Further 

examination of the vascular ECs of the GE and telencephalon reveal the vessels to be 

disorganized, tortuous and disassociated with surrounding neural tissues as in the 

control. Vessels of the dicephalon are dilated and irregular, which made the vessels 

more vulnerable to rupturing and leaking out. Nucleated blood cells were found within 

the tissue and cavities, not contained within the vessels.  

Phenotypically, the brain appeared to be the only organ affected in Alk1GFPCre; 

Tgfbr2fl/fl embryos. Further examination of the heart and lung development showed 

these did not seem affected by loss of endothelial TGFBR2 (Figure 4-5C and F). To 

analyze proper blood vessel formation, the smooth muscle layer was additionally 

stained with smooth muscle actin (SMA). The vessels of Alk1GPFCre;Tgfbr2fl/fl lungs were 

similar to control vessels in terms of the development of the smooth muscle and 

endothelial layer layers (Figure 4-5D and G) being unaffected. Likewise, SMA staining 

of the dorsal aorta was similar in both the Tgfbr2 cKO and controls (Figure 4-5E and H). 

These findings suggest that deleting Tgfbr2 in ECs specifically during midgestation has 

a grave impact on brain development, particular angiogenesis, but not as much on 

cardiac and lung development. 

Alk1GFPCre; Alk5fl/fl Embryos Die by E13.5 with Evidence of Gross Cerebral Vessel 
and Cardiac Defects 

In the Alk1GFPCre;Alk5fl/fl the GE is perforated, as seen in the Alk1GFPCre;Tgfbr2fl/fl 

and blood cells are seen within the third ventricle and tissue (Figure 4-6A and B). 
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However, a magnified view shows that the GE nor diencephalon is as severely 

damaged in Alk1GFPCre;Alk5fl/fl embryos as in the Alk1GFPCre;Tgfbr2fl/fl embryos (Figure 4-

6A and B, panels two and three). There is no evidence of edema of the head as in the 

Tgfbr2 cKO. PECAM-1 staining of ECs presents vessels that are disorganized in the 

GE, but the diencephalon vessels are not as impacted by the endothelial loss of Alk5 

(Figure 4-6A and B).  

The development of the pulmonary vasculature was also not affected, but the 

Alk1GFPCre;Alk5fl/fl heart appears undeveloped (Figure 4-6C and E). The ventricles are 

trabeculated, but the ventricular septum does not appropriately fuse at the 

atrioventricular cushions. The dorsal aorta is not round but irregular in shape (Figure 4-

6D and E).The endothelial layer of the dorsal aorta is developed as in the control (data 

not shown), however, SMA staining reveals the smooth muscle layer was diffused, 

compared to the control, suggesting a failure in the resolution phase of establishing the 

vessel. Thus, the vSMCs are more diffuse around the aorta instead of established 

around the vessel. 

Discussion 

The angiogenic processes involving TGF-β signaling are still poorly understood. In 

many cases in vivo models did not correlate to in vitro finding, nor are conditional KO 

models phenotypes in agreement. For one example, endothelial-specific Tie1-mediated 

ablation of the generally expressed receptors Tgfbr2 and Alk5 and the majority of Tie2-

cre(+);Tgfbr2fl/fl are embryonic lethal, like conventional knockouts, at E10-10.5 due to 

aberrant yolk sac vasculogenesis and angiogenesis [55, 192]. In contrast, Tie2-

cre;Alk5fl/fl, 35% Tie2-cre;Tgfbr2fl/fl, and Cdh5(PAC)-CreERT2;Tgfbr2fl/fl embryos survive 

past midgestation, however, these died of cardiac defects during late gestation [191]. 
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Contradictory, still, our lab reported that conditional knockouts of both receptors using 

another endothelial-specific transgenic line, L1cre, were not developmentally affected 

[64]. The timing of cre activity could be a contributing factor in the contrasting 

phenotypes. In the Tie1-cre line, Cre activity begins at E8, around the same time the 

vasculature forms (E8-9), and slightly before the reported first expression of TGFBR2 

[194]. Hence, the null nor Tie1-cre deletion models would reflect the true function of 

these receptors in angiogenesis at midgestation. As for the L1cre line, Cre is not 

initiated until late gestation, at E13.5 [64]. The Tie2-cre (E8.5) and Cdh5(PAC)-CreERT2 

(induced at E11.5) models have slightly later cre expression [190], however, the 

phenotypes were variable or, as in the case of the Tie2-cre(+);Tgfbr2fl/fl, the authors’ 

descriptions were vague [192, 193]. The differing phenotypes imply a temporal role for 

ALK5 and TGFBR2 in ECs. Thus, we generated a novel Alk1-cre knock-in line, 

Alk1GFPCre. The slight delay in the initiation of cre activity at E9.5 provided an opportunity 

to more accurately examine the roles endothelial TGFBR2 and ALK5 play in 

angiogenesis during midgestation than previous models. 

To test specifically examine the spatiotemporal role of TGFBR2 and ALK5 during 

embryogenesis, we focused on the development of the cerebral vessels. Nishimura et al 

postulated from in vitro findings that integrin αvβ8 on astroctyes interacted with the LAP 

of a secreted TGF-β ligand, consequently activating TGF-β signaling within ECs [175]. 

Several independent knockout models, such as the itgav-/- [182], itgb8-/- [183], 

Tgfb1RDE/RDE/Tgfb3-/- [185], Tgfb3-cre;Alk5fl/fl [188] and Id1/3-/- [TGF-β transcription 

downstream targets] [195], strongly support this hypothesis and all develop the same 

cerebral hemorrhaging within the forebrain region. Conditional KO of itgav-/- and itgb8-/-
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in neuroepithelial, but not endothelial, cells also result in the hemorrhagic phenotype, 

confirming neuronal derived αvβ8 is essential [186, 187]. However, it is not clear what 

type of cell may be the target cell. We present in vivo confirmation that endothelial 

TGFBR2 and ALK5 are the targets as each developed the same cerebral 

hemorrhaging. Further establishing TGF-β activation on ECs is involved, our 

collaborators found Nestin-cre(+);Tgfbr2fl/fl had no phenotype; though, the data was not 

shown here. 

We show that EC-specific deletion of Alk5 and Tgfbr2 using the Alk1-cre knock-in 

resulted in a consistent and highly specific cerebral hemorrhage phenotype that initially 

manifested at E11-11.5. Though there has been previous endothelial-specific KOs of 

each receptor that reported cerebral hemorrhaging in some embryos, we are the first to 

show that the GE is perforated and vessels disorganized in Alk1GFPCre;Tgfbr2fl/fl and 

Alk1GFPCre;Alk5fl/fl embryos in a similar, consistent fashion as the  itgav-/-, itgb8-/-, 

Tgfb1RDE/RDE/Tgfb3-/- models. Interestingly, there was a slight delay in the appearance of 

the cerebral phenotype in the surviving Tie2-cre;Alk5fl/fl and Tie2-cre;Tgfbr2fl/fl compared 

to our Alk1GFPCre lines, however, the results were still consistent in that a phenotype was 

seen in the ALK5 cKO than the TGFBR2 cKO.  Additionally, the previous endothelial-

specific knockout models report embryos died due to cardiac defects. We show that 

Alk1GFPCre;Alk5fl/fl display defects in the ventricular septum, but in a manner similar to the 

Cdh5(PAC)-CreERT2;Tgfbr2fl/fl, instead of the Tie2-cre(+);Alk5fl/fl. There was a failure of 

complete ventricular septation and failure to fuse with the atrioventricular cushions in 

our Alk5 cKO and the Cdh5(PAC)-CreERT2;Tgfbr2fl/fl KOs. The Tie2-cre(+);Alk5fl/fl 

embryos did not properly form a ventricular septum. Interestingly, the only organ system 
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apparently affected in the Alk1GFPCre;Tgfbr2fl/fl embryos is the CNS, as no obvious 

developmental cardiac defects were seen. Considering deletingTgfbr2 with Cdh5(PAC)-

CreERT2 two days later (at E11.5) than Alk1GFPCre (at E9.5) resulted in a cardiac 

phenotype enforces the essential temporal role of endothelial TGFBR2 during 

development.  

CNS angiogenesis heavily relies on the migration and sprouting of ECs, 

particularly in EC tip cells providing directionality in response to various factors in the 

microvascular environment [173, 174, 196]. Our data suggests that TGF-β signal 

activation within EC tip cells by the TGF-β1/3 ligands are essential for EC migration of 

periventricular vessels. However, downstream targets or interactions with other 

signaling pathways may be required for further sprouting and directionality. There are 

several murine KO models of other transcriptional factors (for example, ETS family 

member, Fli1)  and members of other signaling family members (Wnt/β-catenin) 

important in angiogenesis of the brain in which cerebral hemorrhaging has been 

observed which may provide further insight into the mechanism underlying 

neurovascular development [197, 198]. The strongest candidate of an interacting 

signaling pathway (with the endothelial TGF-β signaling) involves the orphan G protein-

coupled receptor GPR124/tumor endothelial marker 5 (TEM5) [199]. It was reported that 

GFR124 also appears to have spatial temporal role during neurovascular development, 

specifically in the ECs of vessels within the forebrain. GFR124 KO mice, particularly in 

the ECs, resulted in the same cerebral phenotypes as our Tgfbr2 and Alk5 cKO models, 

with other organ systems unaffected. Furthermore, GPR124 requires Cdc42-Par6 [196], 
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a transcription factor important for filipodia formation and determining cell polarity, in 

angiogenic migration and directionality to remain within the forebrain environment [200].  

A more novel view of cerebral vessel development states that the ECs of 

periventricular vessels migrate (beginning at E10) from the ventral to dorsal forebrain to 

establish an angiogenic gradient, in which specific transcription factors are expressed in 

different regions of the forebrain [201]. Nkx2.1 and Dxl1/2 are expressed in the ventral 

region, while Pax6 is expressed in the dorsal region [201]. Loss of either of these 

factors results in reduced periventricular vessel migration, particularly in the dorsal 

forebrain. As Pax6 is a morphogenetic factor important in patterning throughout the 

body but also in axonal guidance and neuronal guidance [202], it is tempting to 

speculate that the αvβ8 integrin of neuroepithelial cells within the dorsal forebrain may 

begin to activate the TGF-β1/3 ligand at E10.  The migration of ECs is initiated by 

activation of TGF-β signaling in the tip cells, which regulate the ligand for GPR124 or 

interacts with the GPR124 signaling pathway. Sprouting and directionality of EC 

migration is then controlled by GPR124-Cdc42-Par6. This model explains how the 

cerebral phenotype was specific to the GE of the forebrain (which is in the ventral 

region). ECs are able to sprout and perhaps migrate within the GE, however, the loss of 

any components leads to failure of migration directionality into the dorsal forebrain. The 

periventricular vessels aggregate within GE, the vessel walls weaken/rupture, and the 

perforations in the ventral brain form due to apoptosis. However, the mechanisms will 

need to be further evaluated, for example, by examining the expression of GPR124 or 

Cdc42 in our cKO models. [Summarized in Figure 4-7]  
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We show that endothelial TGF-β signaling via the receptors TGFBR2 and ALK5 is 

indispensable for establishment of the neurovasculature and for cardiac development 

during midgestational embryogenesis, and the vascular beds of the rest of the body are 

largely unaffected. The results also suggest that TGF-β signaling play spatial and 

temporal roles during development, which correspond with previously reported 

expression patterns of TGFBR2. This finding helps rectify the seemingly opposing 

phenotypes seen in various conditional knockout models of various TGF-β signaling 

family members. It may also provide insight in maintenance of cerebral vessels in adult 

stages and help understand cerebral vessel defects, such as AVMs, that may appear. 
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Figure 4-1. Synthesis and activation of the TGF-β ligand. The TGF-β ligand is initially 

synthesized in a precursor form that includes, starting from the 5’ end, a 
prodomain signaling peptide, a latency-associated peptide (LAP), and the 
TGF-β ligand. After release from the nucleus, the proto-TGF-β enters the 
Golgi apparatus, where furin enzymatically cleaves the signaling peptide.  As 
the ligand prepares to exit the cell, the LAP encompasses the TGF-β ligand 
and acts a chaperone. When secreted from the cell, the LAP still enclosed the 
TGF-β ligand as well as associate with the latent TGF-β binding protein 
(LTBP). This large complex is deposited in the extracellular matrix of a cell 
until it is activated by various means, such as pH change, heat, specific 
enzymes, or integrins. In these cases the TGF-β ligand is freed from the LAP 
and allowed to bind and activate TGF-β type II receptors. Tsp-1, 
Thrombospondin-1. 
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Figure 4-2. Alk1GFPcre – a novel EC-specific cre deleter line. A) A GFPcre fusion 
construct was inserted into the endogenous Alk1 gene, replacing exons 4-8. 
B) The cre in this knockin line is active beginning at E9.5 of mouse 
embryogenesis in all ECs expressing Alk1, however, in a punctate fashion. A 
closer view of the E9.5 head is seen in (B’). C) By E10.5 more uniform X-gal 
staining covers the entire embryo, in all organs. C’) A magnified view of the 
head confirms more robust X-gal staining. D) A transverse section of the brain 
reveals strong endothelial-specific staining. D’) Alk1GFPcre is active in the ECs 
penetrating the neuroepithelium, thus should be appropriate to use in the 
study. SD/SA, SV40 splicing donor/acceptor signal; IRES, internal ribosomal 
entry sequence; pA, poly-A signal. 



 

102 

 

Figure 4-3. Tgfbr2 and Alk5 cKO embryos display specific cerebral hemorrhaging 
beginning at E11.5. Tgfbr2 (A) and Alk5 (B) mutant embryos are 
indistinguishable from control littermates at E10.5. Beginning at E11.5, both 
Tgfbr2 and Alk5 cKO embryos begin exhibiting the same hemorrhaging in the 
forebrain region, shown by the white arrows. The cerebral hemorrhaging 
worsened over time in both cKO models (C and D). E) The head region of the 
Tgfbr2 cKO embryos becoming edemic, but with the same hemorrhages 
seen; however, there were no hemorrhages seen in any other organ system 
besides the central nervous system. F) Alk5 cKO embryos died by E13.5. In 
addition to CNS hemorrhages, the chest area of Alk5 cKO embryos were 
distended (white arrow head), indicating there may have been cardiac defects 
associated with the Alk5 cKOs. G) Tgfbr2 cKO embryos died a day later, at 
E14.5, with embryos presenting severe brain hemorrhaging and very faintly 
beating heart, or already dead and in the process of resorption. H) and I) the 
forebrain bleeding was seen in both hemispheres of the brain. In some, not 
all, Tgfbr2 (J) and Alk5 (K) embryos, there were hemorrhages in the spinal 
cord beginning at E12.5. 
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Figure 4-4. Histological Sections of E10.5 and E11.5 embryos. At E10.5, as compared 
to the control (A and A’), there is no evidence of any vascular defects in the 
brain vessels in the mutant mice, as seen in a representative section in (B) 
and an enlarged picture in (B’). C) At E11.5 all blood cells are confined to 
vessels that are closely associated with the surrounding cerebral tissue in the 
GE (closer view in D). E) Vessels in the tissue outside of the forebrain region. 
Conversely, Tgfbr2 (G) and Alk5 (K) cKO embryos begin displaying 
cavitations in the GE, specifically at E11.5. A closer view of PECAM-1-stained 
sections revealed that ECs clustered into glomeruloid-like structures (H and 
L). However, it appears that only vessels within the neuroepithelium were 
affected as vessels lying outside of the GE were normal, as compared to the 
control, and blood cells were confined to the vessels. There does not seem to 
be any cardiac defects in the Tgfbr2 (J) or Alk5 (N) cKO embryos, as mutant 
hearts were comparable to control hearts (F). GE, ganglionic eminence;  lu, 
lung; RA, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle. 
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Figure 4-5. Endothelial-specific deletion of Tgfbr2 during midgestation specifically 
affected cerebral vessel formation at E13.5. Overall transverse view of the 
E13.5 control head (A) shows a properly developed head with various parts of 
the head labeled. A closer view of the GE, DC, and TC show EC layers of 
vessels (PECAM-1-stained red) are closely associated with the surrounding 
tissue. However, the Tgfbr2 mutant head (B) displays hemorrhages in the 
forebrain region and the fourth ventricle and third ventricles are enlarged. A 
closer view of the GE shows large cavitations and disorganized, poorly 
formed vessels. The vessels within the DC are dilated and there are some 
cavitations. In the TE, vessels are dilated. Development of the lungs and 
heart of the Tgfbr2 cKO (F) did not appear to be affected and were 
comparable to control controls (C). PECAM-1 and SMA (brown) staining of 
the Tgfbr2 mutant revealed that proper endothelial (G’) and smooth muscle 
(G) layers developed in the lungs as in the control (D and D’). SMA staining 
confirms no developmental differences between control (E) and Tgfbr2 
mutant (H) dorsal aortas. FV, fourth ventricle; TV, third ventricle; TE, 
telancephalon; DC, dicephalon; GE, ganglion eminence; lu, lung; RA, right 
atrium; RV, right ventricle; LA, left atrium; LV, left ventricle. DA, dorsa aorta. 
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Figure 4-6. Alk5 cKO embryos exhibited abnormal cerebral vasculature in the GE and 
cardiac defects. A) H&E stain of a transverse view of the control head. Panels 
two (GE) and three (DC) show PECAM-1-stained ECs (red arrows) of the 
neuroepithelial vessels. These vessels are fine and closely associated with 
the surrounding tissue. B) H&E stain of Alk5 cKO head reveals the GE is 
perforated and there is free blood cells within the tissue. The ECs of the GE 
are still clumped in glomeruloid-like structures, as in E11.5 brains, in the GE 
(B, panel one). In panel two, the vessels within the DC is similar to control 
heads. C) Control E12.5 heart. D) A magnified view of the SMA-stained 
control dorsal aorta. E) The Alk5 cKO heart is underdeveloped and the 
ventricular septum does not properly fuse in the atrioventricular cushion (*). F) 
The Alk5 cKO dorsal aorta is irregularly shaped and the smooth muscle layer 
appears diffuse.  FV, fourth ventricle; TV, third ventricle; TE, telancephalon; 
DC, dicephalon; GE, ganglion eminence; lu, lung; RA, right atrium; RV, right 
ventricle; LA, left atrium; LV, left ventricle. DA, dorsa aorta. 
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Figure 4-7. Proposed mechanism of cerebrovascular development in the telencephalon. 
A) GPR124 is active before E10 and involved in EC sprouting in the ventral 
telencephalon.  Other factors, such as Nkx2.1 may facilitate in EC migration 
within this region. B) At E10, the ECs begin to migrate from the ventral to 
dorsal telencephalon. This is initiated by the activation of the latent TGF-β1/3 
ligand by neural αvβ8 recognizing and binding to a RGD sequence within the 
LAP of the ligand. C) A conformational change in the LAP causes it to release 
the ligand, which subsequently activates TGF-β signaling within ECs (most 
likely tip cells), specifically through the receptor pair TGFBR2 and ALK5. This 
leads to downstream regulation migration. Cdc42-Par6 is required for 
GPR124 migration directionality, however, it is unclear whether Cdc42-Par6 
would associate before or after TGF-β induction. D) A recent model of CNS 
angiogenesis suggests that periventricular vessels migrate from the ventral to 
dorsal telancephalon to establish an angiogenic gradient by which specific 
transcription factors are expressed (top image). Pax6 is an axon guidance 
factor, hence it seems that that vessel would migrate to the dorsal region if 
driven or enticed by a neuronal cell. Thus, if this model is implicated in our 
proposed mechanism, the loss of TGFBR2 or ALK5 means there is no active 
migration in the EC tip cells. The consequence is the sprouting ECs remain in 
the dorsal telancephalon, which includes the GE. The ECs accumulate and 
aggregate. The cells begin to under apoptosis and cause cavitations in the 
tissue (bottom panel). Dotted green lines denote EC migration path. 
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CHAPTER 5 
CONCLUSIONS AND PERSPECTIVES 

In the present study, the focus was to elucidate the role various TGF-β signaling 

superfamily members play in ECs to determine pathogenetic etiology underlying the 

formation of vascular malformations, such as those exemplified in HHT. The focus was 

specifically on the in vivo roles of the Type III receptor Endoglin, Type II receptor 

TGFBR2, and Type I receptor ALK5. The functions of these receptors in vascular 

endothelial biology are still largely unknown and debated, as previous findings have 

been contradictory or unclear. 

In Chapter 3, the interaction between the two major genetic causes of the vascular 

disorder HHT were examined by generating two different Eng cKO models using the 

same two cre deleter lines (L1cre and R26-CreER) previously used in Alk1 cKO models, 

then comparing the phenotypes. Then in Chapter 4, we sought to determine whether 

TGFBR2 and ALK5 have spatiotemporal roles during embryogenesis by selectively 

silencing each receptor in endothelial cells using a novel transgenic Alk1 cre-knockin 

line (Alk1GFPCre). 

Endothelial and Global Eng cKO Mice Suggest Divergent Pathogenetic 
Mechanisms Underlying HHT1 and HHT2 

It is assumed in the HHT field that ALK1 and ENG are intimately involved in ECs, 

likely transducing signals via the BMP signaling pathway (Figure 1-1), thus it would be 

expected that deletion of either gene would lead to the HHT vascular malformations 

(e.g. AV-shunting, AVMs, etc).  The Oh lab had previously generated and characterized 

the first Alk1 cKO murine models that featured AVMs, as seen in HHT, at high, 

consistent frequencies. This was achieved using the endothelial-specific cre-deleter 

line, L1cre, and the tamoxifen-inducible, globally expressed R26-CreER line. It was quite 
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surprising that neither the Eng cKO mice nor the Eng iKO mice given the same 

treatment as the Alk1 iKO model were severely impacted by the loss of Eng. Though it 

appeared that there may be a technical issue responsible (the efficiency at which the 2f 

allele is converted to the null 1f allele by different tamoxifen treatments) for the more 

varied phenotypes seen in the Eng iKO model, there were common phenotypes seen in 

similar organs in both models that prove these were true phenotypes.  

Many of the same organ systems were affected in the Eng and Alk1 ablation 

models, but there were few shared patterns of pathology. Necroscopies of the Eng and 

Alk1 iKO model revealed local hemorrhaging, AV-shunting, and AVMs in the intestine. 

The AVMs usually formed in the peyer’s patch. The heart was also commonly enlarged, 

a secondary response to the hemorrhages, in cKO models of each receptor. Many more 

distinct differences were observed in the two models. Death occurred early in both 

endothelial-specific and global deletion of Alk1 (by E17.5/PN5 or 3 weeks, respectively), 

while Eng cKO and Eng iKO are viable, with only a quarter of Eng iKO dying by 21 

days.  It was previously published that Alk1 iKO mice exhibited de novo AVMs in 

response to acute wounds given in the ear and dorsal skin. However, we found that the 

Eng iKO mice rarely do; instead, AVMs always appeared in tissue surrounding the ear 

ID tag, which can be considered a chronic injury. Also, AVMs formed specifically in the 

uterine vessels of the female reproductive organs of Alk1 iKO, while Eng iKO mice 

exhibited ovarian AVMs. More surprising is that the pulmonary vasculature was not 

obviously affected in either Eng deletion model even though the lungs presented 

phenotypes at high frequencies in Alk1 deletion models. These distinct phenotypes 
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bring unanticipated evidence that there are separate pathogenetic mechanisms 

underlying HHT1 and HHT2. 

This seems plausible considering the expression pattern of ENG versus ALK1. 

ALK1 is more restricted to arterial ECs, while ENG is more pan-endothelial. ENG 

expression has also been found in other cell types, such as the smooth muscle layer (in 

low levels) and several types of circulating cells, such as monocytes, HSCs, and 

stromal cells. Additionally, it was reported in the pulmonary vasculature that ENG and 

ALK1 expression overlaps only in the distal vessels. In the Eng cKO mice, as Eng is 

silenced in arterial ECs, venous Eng is still present. The lack of phenotype in this model 

could be explained in that circulating cells expressing Eng could be compensating for 

the loss of vascular Eng.  Future studies examining the bone marrow or circulating 

endothelial cells (CECs) must be performed to confirm this possibility. As for the Eng 

iKO model, quantification of the genomic copy of the 1f allele suggests that the dosage 

and number of tamoxifen affects how much Eng is deleted. In contrast to the 

endothelial-specific cKO models or the Alk1 iKO models, it is less predictable which 

vessel and cell type Eng is actually silenced in the Eng iKO mice. This can account for 

the variable phenotype. For example, for the mice in which there was overlap in the 

phenotype, such as AVMs in the peyer’s patch, between Alk1 and Eng iKO mice, it 

could mean that more arterial ENG was silenced. More comprehensive expression 

studies in the Eng iKO model should be conducted either by isolating ECs and CECs 

and quantifying expression of Eng or histological analysis by immunofluorescence to 

determine whether one vessel type or cell type (other than ECs) may be more impacted. 
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Endothelial TGF-β Signaling has Spatiotemporal Roles in Cerebrovascular 
Development  

The understanding of the in vivo mechanisms of TGF-β signaling in ECs during 

angiogenesis has been complicated by contradictory phenotypes in conventional and 

conditional knockout mouse models. Because it was believed that a balance between 

TGFBR2-ALK1 and TGFBR2-ALK5 was essential in maintaining vascular homeostasis, 

ALK1 involvement with TGFBR2 and ALK5 has been of interest in the HHT field. In 

Chapter 4 we tested the hypothesis that endothelial TGF-β signaling has spatial and 

temporal roles in vascular development, focusing on the tightly regulated mechanism of 

cerebrovascular development. Using a novel cre deleter line (Alk1GFPCre) to silence Alk5 

and Tgfbr2 in ECs at E9.5, we provide in vivo evidence that astrocytic integrin αvβ8 was 

responsible for activating latent ligands TGF-β1/3, which bind and activate TGFBR2 and 

ALK5 within ECs. Alk1GFPCre;Tgfbr2fl/fl and Alk1GFPCre;Alk5fl/fl displayed the similar 

specific cerebral hemorrhaging in the forebrain region , particularly in the GE, as seen in 

GPR124-/-, itgav-/-, itgb8-/-, and Tgfb1RDE/RDE;Tgfb3-/- mice. The only organ system 

affected in the Alk1GFPCre;Tgfbr2fl/fl mice was the CNS, particularly the cerebral vessels. 

This differs slightly from the Cdh5(PAC)-CreERT2;Tgfbr2fl/fl by which Tgfbr2 was deleted 

48 hrs later, but developed ventricular septal defects. This delay seemingly accentuates 

the temporal aspect of TGF-β signaling. The CNS manifestation was less severe in 

Alk1GFPCre;Alk5fl/fl embryos. However, mutants also had cardiac development defects 

and died sooner. A potential mechanism is that during midgestation EC sprouting may 

be activated by the GPR124; at E10 αvβ8 may begin to activate TGF-β signaling in EC 

to regulate migration. Because TGF-β was activated by the astrocyte, this may influence 

the Cdc42 to direct migration towards the dorsal region of the telencephalon.  It is 
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probable that the loss of ALK5 and TGFBR2 lead to a defect in the activation of EC 

migration. Thus, EC sprouting is taking place, but the lack of proper migration out of the 

GE occur results in the glomeruloid-like vascular aggregates. It would be interesting to 

see whether this mechanism would be important in maintenance of the cerebral 

vasculature in adult tissue and whether it may contribute to BAVMs. It should be noted 

that the study confirms that ALK5 is in fact expressed and essential in ECs, in contrast 

to expression studies stating it is expressed only in SMCs. The earlier results can be 

clarified in that ALK5 is typically expressed at such low levels in ECs that it was not 

detectable by that study’s X-gal staining. 

Perspectives 

The use of the murine models has the advantage over in vitro models in that the 

signal transduction can be examined in a physiological mammalian model that is similar 

to humans, without the bias of conditional or artificially supplemented medium. A 

drawback to our models is that the mice were mixed genetic background (containing 

129Sv/J, C57BL/6, and FVB), which may influence the frequency by which a phenotype 

may be seen due to modifier genes. This was an issue that was addressed in the 

currently used Eng+/-HHT1 mouse model, by which the C57BL/6 backbred line is now 

often used. Backcrossing the Eng cKO mice to either a pure C57BL/6 or 129Sv/J 

background may resolve the problem. 

As the three known genes associated with HHT as part of the TGF-β signaling 

pathway, it is strongly believed that ALK1, ENG, and SMAD4 signal in a linear pathway. 

However, the findings here that the Eng cKOs, behaved distinctly from Alk1 cKO mice, 

in addition to findings that L1cre(+);Smad4fl/fl mice were also viable (personal 

observations), have proven the HHT mechanism may be much more complicated than 
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anticipated. To rectify potentially independent signaling pathways indicated from the 

findings in the three (Alk1, Eng, Smad4) EC-cKO models, a double L1cre-mediated 

endothelial-specific knockout mouse (L1cre(+);Smad4fl/fl;Engfl/fl) may need to be 

generated to determine how essential ENG and SMAD4 truly are for ALK1 signaling. As 

mentioned earlier in this chapter, the mild phenotype in Eng cKO mice may be due to 

the wider expression of ENG in vascular endothelial cells in addition to compensation of 

the loss of arterial ENG with ENG-expressing CECs. The same phenomena may be 

relevant for SMAD4, although SMAD4 is expressed on other tissue and cells types, not 

only ECs. It would be expected that if ENG and SMAD4 were essential for ALK1, the 

double KO would likely recapitulate the L1cre(+);Alk12f/2f mice. Thus, settle whether 

there are differing mechanisms underlying HHT.     

The goal of generating the HHT murine models and understanding the 

physiological and pathological signal transduction in the endothelium is to ultimately 

create and test therapeutic treatments for patients. Although, the current models 

provided some interesting insight into the in vivo mechanisms of the different TGF-β 

receptors in ECs and potential mechanisms in AVM formation, the Eng cKO studies 

seem to raise even more questions. For example, do the disparate mechanisms of 

HHT1 and HHT2 (or even HHT3, HHT4, and JP-HHT when more information arises) 

conclude that the various types of HHT must be approached or treated separately in the 

clinical setting? One way to decipher this is to perform a microarray analysis of different 

tissues taken from each Eng cKO model and compare the gene expression profile 

derived from the Alk1 cKO models, such as those we previously accumulated from lung 

samples. As the finding from Chapter 4 suggests it may be essential to evaluate each 
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organ separately as there are time- and organ-specific expression of different TGF-β 

signaling members during angiogenesis. Additionally, there are potential organ-specific 

molecules, such as the orphan GPR124, that should be given more attention because 

they may contribute to vascular malformations. 

The differences in response to chronic and acute injuries between the Alk1 iKO 

and Eng iKO were an interesting finding. As Eng iKO mice constantly developed AVMs 

because of the ear ID tag, it may be possible that AVMs in the Eng deficient vessels 

may be a response to the recruitment of inflammatory cytokines, such as tumor necrosis 

factor-α (TNF-α), to the irritated site. There is previous evidence that inducing 

inflammation in Eng+/-, for example by dextran sulfate, lead to aberrant angiogenesis. A 

future study in the Eng iKO mice would be to infuse a nanoparticle with TNF-α and 

embed the infused nanoparticle into the dorsal skin of the mouse. The potential 

formation of AVMs to the nanoparticle would be observed.  

In conclusion, we generated several cKO models that provided interesting in vivo 

insight into TGF-β signaling in ECs. Though the phenotype severity varied in the Eng 

iKO, the appearance of vascular malformations was consistent, making it a valuable tool 

in studying HHT. Additionally, the Tgfbr2 and Alk5 cKO models indicated TGF-β 

signaling have essential spatial and temporal roles in angiogenesis. Finally, a novel 

transgenic Alk1GFPCre was introduced and has proven to be an effective and useful line 

to study and evaluate the specific functions of angiogenic molecules at midgestation.   

Overall, our mouse models produced more consistent phenotypes than currently 

available mouse models and will be vital to future studies in HHT. 
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Table 5-1. Comparison of Eng vs Alk1 cKO mouse models 

cKO Genotype Lethality 
Time of visible 
phenotype  

Affected organs 

 
L1cre(+);Eng2f/2f  

  
Survived 

 
Aged 15-
months  

 
GI tract  
Liver 
 

1) L1cre(+);Alk12f/2f  
2) L1cre(+);Alk13f/3f 

1) PN5 
2) E17.5 

E15.5  Lung 
GI tract  
Liver 
Brain 
 

R26-CreER(+);Eng2f/2f 

+TM (5 treatments): 
1) 2.5 mg/25 g BW x 1 
2) 2.5 mg/25 g BW x 2 
3) 2.5 mg/25 g BW x 3 
4) 2.5 mg/40 g BW x 2 
5) 2.5 mg/40 g BW x 3 
 

[Time after TM given] 
1) Survived 
2) 10 days 
3) 10 days 
4) ¼ at 3 wks, variable 
5) ¼ at 3 wks, variable 

1) 2 months 
2) 4 days 
3) 4 days 
4) 4 days 
5) 4 days 
* 

Ear (ID-tag)  
GI tract 
♀: ovarian vessels 
Liver 

1) R26-CreER(+); Alk12f/2f  
2) R26-CreER(+); Alk13f/3f 
+ 2.5 mg TM/25 g BW  x1  
 

By 21 days 7 days Lungs 
GI tract 
♀: uterine vessels 
Liver (Alk13f/3f iKO) 
Acute wound  
Ear 

  Dorsal skin 
 

 

Table 5-2. Summary of Alk5 and Tgfbr2 cKO models 

cKO Genotype Lethality 
Time of visible 
phenotype  

Affected organs 

 
Alk1GFPCre;Tgfbr2fl/fl 

  
E14.5 

 
E11.5  

 
Brain (edemic),  
   Ganglionic eminence 
   Diencephalon 

Telencephalon 
Spine (variable) 
 

Alk1GFPCre;Alk5fl/fl  E13.5 E11 Forebrain,  
   Ganglionic eminence 
Spine (variable) 
Heart 
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